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Abstract 
 
This master thesis deals with the investigation of flow in a hydrocyclone, which 
is a separator device for separating solid phase from a fluid (mainly water). Due 
to the tangential inlet to the device high swirling flow is gained, which results the 
suction of air through the over and underflow, where the air core plays an 
important role in separating particles. The investigation is carried out with the 
aid of CFD. 
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Abstrakt 
 
Diplomová práce se zabývá prouděním v hydrocyklónu. Hydrocyklón je 
separační stroj, kterým slouží k oddělování pevných částice z kapaliny 
(nejčastěji z vody). Díky tangenciálnímu vstupu do zařízení nastává silné vířivé 
proudění, které způsobuje přisávání vzduchu přes horní a dolní výtok. Toto 
vzduchové jádro hraje důležitou roli  v separaci částic. Výpočty jsou provedeny 
pomoci CFD. 
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1. Introduction 
This master thesis aims on investigating the flow in a hydrocyclone. The task 
is to carry out CFD simulations in the software FLUENT. The complexity of such 
a calculation is significant, because of the interaction of water, air and dispersed 
solid phase. A detailed view of decomposition of forces acting on particles has 
to be carried out. 
Hydrocyclones are used long time ago, thus experimental data and empirical 
equations are available. The initial design shall respect these equations. After it 
the optimization will be needed, to investigate the effect of changing the 
particular dimension on the hydrocyclones work.  
 
 
 
2. Suspension 
Before the start, the meaning of the expression suspension has to be cleared. 
The first thing is to understand the fact, that in the nature does not exist 
absolute clean water or other continuum phase. In the water there are located 
small particles (such as dust), microorganisms (such as bacteria) and gases 
(both soluble and insoluble), which can be invisible for the naked eye, hence the 
notion dispersed multiphase systems has to be introduced. However these 
systems can be divided into classes according to phases that are mixed: 
 
1. Liquid + solid phase 
2. Liquid + another immiscible liquid 
3. Liquid + gas  
 
1. The first dispersed system (liquid + solid phase) has priority for this work, 
therefore this case will be investigated onwards. This system is the mixture 
of continuum (mostly water) and solid phase, and can be divided into more 
subsystems: 
 
1.1. Solution: When two or more substances are ideally mixed. This 
homogenous mixture is called the solution. If assuming spherical 
particles the diameter is under 10-9 metres. An example can be salty 
water, where the water dissolves the salt. In this case the water is the 
solvent. The salt loses its solidity [1]. 
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Figure 1: Salt added to water [2] 
 
 
1.2. Colloid: It is important to know that a different science branch deals with 
colloids, which was founded by a chemist from Scotland named Thomas 
Graham. The size of solid particles ranges from 10-9 to 10-6 metres, they 
are invisible for the naked eye and an optical microscope, too. This 
system can be defined as heterogeneous, in which the substance (in 
this case dispersed solid phase) is dispersed in another continuous 
phase (often water, oil). An important phenomenon is connected with 
colloids, called the Tyndall effect. This effect is a light scattering 
phenomenon, the upcoming light into the colloid is scattered by small 
particles [3], [4]. 
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Figure 2: The glass on the left contains colloid, showing Tyndall effect, the 
glass on the right probably contains solution or suspension [5]. 
 
1.3. Suspension is for this thesis the most relevant part of these systems, 
because later the flow of such a suspension has to be investigated. To 
understand the difference between suspension and colloid is very 
important. The simplest explanation is on an example, let assume a 
vessel of water, if sand is thrown into it, consequently the sand will settle 
if left undisturbed, due to the effect of gravity. However, colloids will act 
differently compared to suspensions. The dispersed phase in colloids 
will not settle. 
The size of the solid phase usually is above 10-6 metres. These particles 
can be observed by an optical microscope. 
In addition we will describe the flow of suspension with a small amount 
of non-magnetic particles (such as aluminium) with water [3]. 
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Property True Solution Colloidal Solutions Suspension 
Size of the 
particles < 1nm 1 – 1000nm > 1000nm 
Nature Homogeneous Heterogeneous Heterogeneous 
Filterability 
(Diffusion 
through 
parchment 
paper) 
Particles of true 
Solution diffuse 
rapidly through 
filter paper as well 
as parchment 
paper. 
Colloidal particles 
pass through 
parchment paper. 
Suspension 
particles do not 
pass through filter 
paper and 
parchment paper. 
Visibility 
Particles of True 
Solution are not 
visible to naked 
eye. 
Colloidal particles 
are not seen to 
naked eye but can 
be studied through 
ultra microscope. 
Suspension 
particles are big 
enough to be seen 
by naked eye. 
Tyndall effect 
True Solution does 
not show Tyndall 
effect. 
Colloids shows 
Tyndall effect. 
Suspension may or 
may not show 
Tyndall effect. 
Appearance Transparent Translucent Opaque 
 
 
3. Forces acting on particles in fluids 
 
The mathematical model is based on the Lagrangian concept [6]. The velocity 
and trajectory of the particles is only the function of time. In accordance with 
Newton's second law the following equation can be written [7]: 
 ݉௣ · Ԧܽ௣ ൌ ܨԦ௜ (1) 
 
Where ܨԦ௜ is the vector of sum of forces acting on the particle, ݉௣ is the mass 
and Ԧܽ௣ is the vector of acceleration of the particle. Expression (1) can be 
extended: 
 ߩ௣ · ௣ܸ · ݀ݑሬԦ௣݀ݐ ൌ ܨԦ௏ ൅ ܨԦௌ (2) 
 
The term on the righthand side of equation (1) is divided into forces acting on 
volume ൫ܨԦ௏൯ and forces acting on surface ൫ܨԦௌ൯. ߩ௣, ௣ܸ, ݑ௣ – correspond to the 
density, the volume and  the velocity of the particle, respectively. From now on 
the volume forces will be indicated with blue and surface forces with red colour 
[8]. 
 
ߩ௣ · ௣ܸ · ݀ݑሬԦ௣݀ݐ ൌ ܨԦ௚ ൅ ܨԦ௖ ൅඾ો · ሬ݊Ԧ · ݀ܵ
ௌ
 (3) 
 
Where ܨԦ௚ is the gravitational and ܨԦ௖ the centrifugal force. ો is the stress tensor 
of liquid on the particles surface. 
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ߩ௣ · ௣ܸ · ݀ݑሬԦ௣݀ݐ ൌ ܨԦ௚ ൅ ܨԦ௖ ൅඾ሺܘ െ મሻ · ሬ݊Ԧ · ݀ܵ
ௌ
 (4) 
 
        ܨԦௌ௨௥௙௔௖௘ 
 
Stress tensor consists of pressure ሺܘሻ and shear stress ሺમሻ. Although this 
equation is simple and beautiful, it is unusable for further applications. There is 
the absence of the pressure and shear stress distribution along the surface, that 
is because of the impossibility of analytical solution of the Navier – Stokes 
equation [9]. 
In order to solve the equation of force equilibrium, the surface integral on the 
right hand side of the equation has to be substituted with another forces, in 
other words this can be considered as a mathematical modelling. In the past 
several authors provided a more detailed investigation of this problem, this 
knowledge will be the base of the ongoing analysis. 
 
Figure 3: Scheme of a rigid body supplemented with forces acting on it 
 
This decomposition according to Vejražka [9] is applied on large bubbles 
dynamics: 
 ߩ௣ · ௣ܸ · ݀ݑሬԦ௣݀ݐ ൌ ܨԦீ ൅ ܨԦ஼ ൅ ܨԦ஻ீ ൅ ܨԦ஻஼ ൅ ܨԦ஽ ൅ ܨԦ஺ெ ൅ ܨԦு ൅ ܨԦ் ൅ ܨԦ௅ ൅ ڮ (5) 
 
This substitution is valid for bubbles in the flow. The influence of wall, free 
surface and other bubbles in the neighbourhood is not included. 
 
 ܨԦீ  – is the gravity force of the particle.  
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ܨԦீ ൌ ߩ௣ ௣ܸ Ԧ݃ (6) 
 
Where ߩ௣, ௣ܸ, Ԧ݃ denote density, volume of the solid particle and 
gravitational acceleration [9]. 
 
 ܨԦ஻ீ – is the buoyant force acting on the particle (Archimedes) in gravity 
field and acts in the opposite direction [9]. 
ܨԦ஻ீ ൌ െߩ ௣ܸ Ԧ݃ (7) 
 
Where ߩ denotes fluid density.   
 ܨԦ஼ – is the centrifugal force acting on the particle. The best suited 
coordinate system for calculating this force is the cylindrical, however all 
other forces are derived in Cartesian coordinate system. 
ܨԦ஼ ൌ ߩ௣ ௣ܸ ݒఝ
ଶ
ݎ   Ԧ߫          ܽఝ ൌ
ݒఝଶ
ݎ  (8) 
 
Where ݒఝ is the tangential velocity of the particle, ݎ the diameter of its 
trajectory and Ԧ߫ represents the unit vector in cylindrical coordinate 
system for radial direction (figure 10). The decomposition in Cartesian 
coordinate system [10] (figure): 
 
ݎଶ ൌ ݔଶ ൅ ݕଶ                    ݒఝଶ ൌ ݒ௫ଶ ൅ ݒ௬ଶ 
 
cos ߮ ൌ ݔݎ ൌ
ݔ
ඥݔଶ ൅ ݕଶ                     sin߮ ൌ
ݕ
ݎ ൌ
ݕ
ඥݔଶ ൅ ݕଶ 
 
ܽఝ௫ ൌ ݒఝ
ଶ
ݎ cos߮                    ܽఝ௬ ൌ
ݒఝଶ
ݎ sin߮ 
 
ܽఝ௫ ൌ ݒ௫
ଶ ൅ ݒ௬ଶ
ݔଶ ൅ ݕଶ  ݔ                 ܽఝ௬ ൌ
ݒ௫ଶ ൅ ݒ௬ଶ
ݔଶ ൅ ݕଶ ݕ  
 
 
ܨԦ஼ ൌ ߩ௣ ௣ܸ ݒ௫
ଶ ൅ ݒ௬ଶ
ݔଶ ൅ ݕଶ  ݔ ଓԦ൅ ߩ௣ ௣ܸ
ݒ௫ଶ ൅ ݒ௬ଶ
ݔଶ ൅ ݕଶ ݕ ଔԦ 
(9) 
 
Where ݒ௫ and ݒ௬ is the velocity in direction ଓԦ and ଔԦ, ݔ and ݕ is the 
position of the particle. The suggested equation (8) for this approach 
has got a crucial insufficiency, because the forces are derived for 
particles trajectory, which are circles, nevertheless in a real application 
(hydrocyclone) the shape of trajectory is some kind of a helical form. 
However we do not know the trajectory apriori, therefore this 
simplification has to be introduced.  
The approach presented in [11] assumes the motion of particle on the 
wall of the cone section in the hydrocyclone, hence the trajectory is 
quasi-known.  
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Figure 4: The force decomposition on the wall [11] 
 
 ܨԦ஻஼ – the buoyant force in the centrifugal field, the only change 
comparing to ܨԦ஼ is that we swap particles density for fluids density. 
ܨԦ஻஼ ൌ ߩ ௣ܸ ݒ௫
ଶ ൅ ݒ௬ଶ
ݔଶ ൅ ݕଶ ݔ ଓԦ൅ ߩ ௣ܸ
ݒ௫ଶ ൅ ݒ௬ଶ
ݔଶ ൅ ݕଶ ݕ ଔԦ  (10)
 
 ܨԦ஽ - is called the drag force and arises from viscosity of the fluid (Stokes 
drag law). The drag force represents the resistance of the fluid, hence it 
is derived from the energy conservation equation. To get the particle into 
motion we have to exert a force on it, from this idea the force does work, 
due to viscosity the energy dissipates [9]. 
ܨԦ஽ ൌ െߨ ߩ ܥ஽ ݀
ଶ
8 ൫ݑሬԦ௣ െ ݑሬԦ൯ หݑሬԦ௣ െ ݑሬԦห (11)
 
Where ܥ஽ is the drag coefficient and can be calculated from correlated 
equations which can be found in [12], ݑሬԦ and ݑሬԦ௣ is the velocity of liquid 
and particle, ݀ is the diameter of the spherical particle. The coefficient ܥ஽ 
mainly depends on the Reynolds number, the shape and the size of the 
particle [12]. 
 
 ܨԦ஺ெ - represents the force accelerating the apparent mass of particle 
relative to fluid. Let us assume that the particle accelerates the 
surrounding fluid too, hence there must be an interaction between the 
particle and the fluid acceleration. It involves only inviscid processes, that 
means the potential flow is investigated for obtaining the influence of fluid 
on the particle [9]. Prandtl elucidated the reason and took some pictures: 
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Figure 5: The flow right after the 
start, reproduced from [13] 
Figure 6: The flow after a few 
seconds, reproduced from [13] 
 
The photo on the left was taken right after the start of the flow, it is very 
common to the potential flow, but the photo on the right was shot after a few 
seconds. The answer of this phenomenon is hidden in the equation for vorticity 
transport, because vorticity is produced on the boundaries (walls) and 
transporting the vortices from the boundary layer, which is time dependant. This 
viscous effects cannot be neglected so these reactions will be present in the 
next force (history force) [9]. 
ܨԦ஺ெ ൌ െ ݀݀ݐ ൣߩ ܥ஺  ௣ܸ൫ݑሬԦ௣ െ ݑሬԦ൯൧ (12) 
 
Where ܥ஺ is the coefficient of added-mass, for a spherical particle 
the value is usually 0,5, ݑሬԦ௣ and ݑሬԦ is the absolute velocity of the 
object and the fluid respectively. It is important to recognize the fact, 
that the fluid velocity differentiation must be substantial. 
 
If ߩ, ܥ஺, ௣ܸ are constants, then: 
 
ܨԦ஺ெ ൌ െߩ ܥ஺  ௣ܸ ݀݀ݐ ൫ݑሬԦ௣ െ ݑሬԦ൯ 
 
(13) 
 ܨԦ் – Tchen force is derived from the N-S equation for inviscid fluids and is 
sometimes implemented in the mass-added force. It shows the impact of 
the fluids local acceleration on the object [9]. 
ܨԦ் ൌ ߩ  ௣ܸ ܦݑሬԦܦݐ  (14) 
 
It is also important to notice that for fluid substantial derivative is used. 
 
 ܨԦு – history force resembles the added-mass force, but it involves viscous 
processes only. The reaction to the change of velocity is included (unsteady 
motion). The force is shown in the picture below. 
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 ܨԦ஻ – “Basset history force indicates the effect of the history of relative 
accelerations. This force actually accounts for the diffusion of the vorticity 
generated at the particles surface into the surrounding fluid.” by Landau 
and Lifshitz in [8]. The Basset history force is valid for solid spheres and 
Stokes flow, that means ܴ݁ ا 1 [9]. 
ܨԦ஻ ൌ െ3݀
ଶ
2  ඥߨ ߩ ߟ   නቆ
݀ݑሬԦ௣
݀ݐ െ
݀ݑሬԦ
݀ݐቇ௧ୀఛ
݀߬
√ݐ െ ߬
௧
௧బ
 (19) 
 
Another substitution of surface forces was published by Kraipech in [14]. Forces 
which distinguish from the previous overview will be indicated once again, for 
calculating the pressure-gradient force another formula is used here. This 
decomposition has got one advantage against the other, because it takes into 
account the rotation of the particle around its own axis, this phenomenon is 
considered by the Magnus lift force. 
 
ܨԦௌ௨௥௙௔௖௘ ൌ ܨԦ஽ ൅ ܨԦ஺ெ ൅ ܨԦ௉ீ ൅ ܨԦ஻ ൅ ܨԦ௅ௌ ൅ ܨԦ௅ெ ൅ڮ (20) 
 
 ܨԦ௅ௌ – Saffman lift force is caused by the pressure distribution on the 
particle due to the rotation of fluid induced by the fluid velocity gradient (ߛሶ  
is the rate of fluid deformation) [14]. 
 
ܨԦ௅ௌ ൌ 1.615 ݀ଶ ඥߤ ߩ ߛሶ ൫ݑሬԦ െ ݑሬԦ௣൯ (21) 
 
 ܨԦ௅ெ – Magnus  lift force is caused by the particle rotation, the velocity 
varies on both sides of the particle due to the rotation, which induces 
uneven pressure distribution (force) [14]. 
ܨԦ௅ெ ൌ 12  ߩ ܥ௅ ൫ݑሬԦ െ ݑሬԦ௣൯
ଶ ߨ ݀ଶ
4  (22) 
 
 ܨԦ௉ீ – pressure gradient force is caused by the pressure gradient around 
the particle [14]. 
ܨԦ௉ீ ൌ െݑሬԦ௣׏݌ (23) 
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4. The treatment of suspensions in engineering 
sciences - hydrocyclone 
The first hydrocyclone was invented by a Dutchman M. G. Driessen in the time 
of the second world war. Immediately it gained significant task in raw mineral 
industry. The most common features of a hydrocyclone are thickening, sorting, 
classifying (by density or size) purging, last but not least separating. Thus it can 
be stated, that it is a useful and universal device, sometimes with the same or 
better outcome as a single-purpose mechanism [10]. The principle of operation 
in a hydrocyclone is represented by the large centrifugal acceleration, where the 
magnitude of the centrifugal force is severalfold (sometimes two or three 
thousand times) larger, than the gravitational, depending on the dimensions and 
operating conditions of the hydrocyclone [15]. 
Devices where the separating process is performed by the gravitational force 
are inadequate in industries dealing with fine-grained materials. This assertion 
is partly based on the fact, that gravity varies to third power of diameter and 
Stokes frictional force varies to the second power of diameter [6]. According to 
this fact the terminal velocity dramatically decreases depending on the size. 
Nowadays hydrocyclones exist in several shapes and constructions. The most 
common construction is with a cone shape (figure 8.), nevertheless devices 
exist with another shapes such as cylindrical, helical, however the most general 
is the hydrocyclone with the cone part. 
Hydrocyclones have been used for almost 90 years, mainly in chemical and 
mineral processing industries. In future it would be beneficial to extend the use 
of hydrocyclones to medical science and biotechnology applications [25]. 
 
Figure 8: Hydrocyclone [24] 
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4.1 Construction of HC 
 
Figure 9: The design of a hydrocyclone 
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Legend: 
 
ܦ௖ - diameter of the cylindrical section 
 
݀௣ - diameter of the vortex finder 
 
ܪ௣ - length of the vortex finder 
 
ܪ௩ - length of the cylindrical section 
 
ܪ௖ - length of the hydrocyclone 
 
ܪ௞ - length of the conic section 
 
߮ - angle of the conic section 
 
݀௞ - diameter of the spigot 
 
ܽ, ܾ - dimensions of the inlet (rectangular shape)  
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4.2 Flow in hydrocyclones 
The purpose of this master thesis is to describe the flow of a suspension flow in 
a hydrocyclone. The suspension will seem for observers as normal water from a 
water tap, although there will be dispersed small solid particles sized only 
micrometers and with a small weight ratio in contrast to the fluid. The aim is to 
optimize the main dimensions of the separating device, to separate the small 
particles from liquid. Generally, in more papers it is reported the fact, that the 
residence time of particles in such a device is very short, according to Thew and 
Smyth cited in [16] only a few seconds (sometimes under 2 seconds), 
depending on the design of the HC. 
As the suspension enters the hydrocyclone, it has got a straight motion, after 
accessing the cylindrical part the fluid starts to flow spirally relative to the axis, 
hence the responsibility of the main separation process is taken by the cone 
and the cylindrical, which are responsible for the large centrifugal force. See 
figure 9. and  On account of the spiral motion more recommended coordinate 
system is the cylindrical ሺݎ, ߠ, ݖሻ than the Cartesian ሺݔ, ݕ, ݖሻ.  
 
 
 
Figure 10: Radial, tangential and axial velocity 
 
Thanks to this behaviour an outer (see figure 10.) and an inner vortex (see 
figure 12 c) is developed. The large centrifugal force field results in the 
decrease of static pressure along the axis (the mass is squeezed out to the 
wall), thus the suction of air from the vortex finder (overflow) and spigot 
(underflow) arises (equation 34). In addition this means creating an air core in 
the centre of the hydrocyclone, which increases the turbulence fluctuation and 
decreases the separation efficiency, as was presented e.g. Sripriya, Kaulaskar, 
Chakraborty and Meikap cited in [16]. 
The fully analytical investigation of the flow in a hydrocyclone remains still 
unclear, because the Navier Stokes eqation is cannot be solved analytically. 
ݎ 
ߠ ݒఏ
ݒ௥
ݒ௭ 
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Particles which are resident in the flow domain, respecting the laws of physics 
can escape through the vortex finder or through the spigot. The lighter (solid 
phase with smaller diameter) fraction escapes the flow through the vortex finder 
and heavier (solid phase with bigger diameter) through spigot. 
The most meaningful variables are velocity profiles, from which we can imagine 
the flow. Velocity profiles were first measured by Kelsall cited in [16]. According 
to his work, which establishes that tangential velocity profile resembles the 
Rankine vortex model. A few researchers addressed the problem of measuring 
velocity profiles in hydrocyclones, as a result in general they agreed on the fact, 
that measuring velocity profiles in the air core is a critical problem. The air core 
plays a key role in separating solid particles from fluid, on account of the spigot 
occlusion according to Sripriya, Kaulaskar, Chakraborty and Meikap cited in 
[16]. 
 
 
 
Figure 11: Tangential velocity profile shown (cross-section for ݖ ൌ ܿ݋݊ݏݐ.) 
 
To get a detailed overview for a better understanding of flow field within a 
hydrocyclone, the velocity profiles are plotted in the radi-axial cross section. 
 
Figure 12: a.) distribution of tangential velocity, b.) distribution of radial 
velocity, c.) distribution of axial velocity, d.) distribution of static pressure [17] 
 
Focusing on the picture above, it illustrates the following facts (from left to right): 
a.) in the core section the tangential velocity increases, then decreases 
towards to the wall of the hydrocyclone. 
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b.) the radial velocity profile indicates the fluid motion in the direction of the 
axis (this phenomenon is achieved due to the shape of the separation device). 
c.) the axial velocity profile is the most important, showing the creation of a 
secondary vortex. In addition the flow of fluid near to the wall of hydrocyclone 
flows in the direction of the spigot, however the fluid in the core flows to the 
vortex finder. 
d.) the distribution of static pressure decreases from the wall to direction of 
the axis. 
 
4.3 Determination of equations describing the flow 
4.3.1 Tangential velocity 
The most important impact on the pressure field and separation ability has got 
the tangential velocity [17], and it can be defined by the following half-empirical 
expression, which is valid in the annulus (between the wall of the hydrocyclone 
and wall of the vortex finder, see figure 8): 
 
ݑఝ · ݎ௡ ൌ ݇݋݊ݏݐ. (24) 
 
Where ݑఝ is the tangential velocity, ݎ is the radius from the axis and ݊ is an 
exponent, which value ranges from െ0,5 to 0,8 and depends mainly on the 
hydrocyclones dimensions and the suspensions physical properties. The 
definition of ݊ will be explained in the next chapter [17]. 
 
ݑఝ · ݎ௡ ൌ ݑఝோ · ܴ௡ (25) 
  
Where ݑఝோ is the tangential velocity on the hydrocyclones wall, and can be 
specified from the equilibrium of angular momentums, but it is only valid for 
frictionless flows (dissipation is not assumed), therefore it has to be 
supplemented by correction coefficient ߙ, see equation (27). Equilibrium of 
angular momentums (figure 10.) [17]. 
 
ݑఝோ೎ · ܴ௖ ൌ ݑଵ · ܴௌ (26) 
  
ݑఝோ೎ ൌ
ݑଵܴௌ
ߙܴ௖  (27) 
Where ݑଵ is the inlet velocity to the hydrocyclone, ܴௌ is the radius of the inlet 
surface centroid. After expanding expression (27) into equation (25), we can 
obtain [17]: 
ݑఝ ൌ ݑଵܴௌߙܴ௖ ൬
ܴ௖
ݎ ൰
௡
 (28) 
 
Furthermore the tangential velocity determination is possible on the boundary of 
hydrocyclones core ൫ݎ ൌ ݎ௣൯ [17]: 
 
ݑఝ೛ ൌ
2ݑଵܴௌ
ߙܦ௖ ቆ
ܦ௖
݀௣ቇ
௡
 (29) 
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Supposing approximation equation for tangential velocity in the core: 
 
ݑఝ · ݎ௠ ൌ ݑఝ೛ · ݎ௣௠ (30)
 
The evidence suggests that the value of exponent ݉ should be െ0,5 according 
to Loxham cited in [17]. 
 
ݑఝ ൌ ݑఝ೛ ቆ
ݎ
ݎ௣ቇ
଴,ହ
 (31)
 
Apparently, after substituting ݑఝ೛ (29) into expression (31), the following 
equation can be yielded: 
 
ݑఝ ൌ 2ݑଵܴௌߙܦ௖ ቆ
ܦ௖
݀௣ቇ
௡
ඨݎݎ௣ (32)
 
 
 
4.3.2 Pressure distribution equation 
 
An alternative approach is necessary, consequently the starting point will be the 
Navier-Stokes equation in cylindrical coordinate system [18]. Generally the 
tangential velocity comparing to radial and axial velocity is the most significant, 
in addition they can be neglected.  
 
ݑఝ ൌ 2ݑଵܴௌߙܦ௖ ቆ
ܦ௖
݀௣ቇ
௡
ඨݎݎ௣ (33)
 
Simplifying the Navier-Stokes equation and assuming only tangential velocity 
the pressure distribution in differential form for direction ݎ can be written: 
 
ߩ ݑఝ
ଶ
ݎ ൌ
݀݌
݀ݎ    ֞ ݀݌ ൌ ߩ
ݑఝଶ
ݎ ݀ݎ (34)
 
Where ߩ denote density of the disperzum. 
After the utilization of expressions (28) and (34), the following equation can be 
obtained: 
݀݌ ൌ ߩ ൬ݑଵܴௌߙܴ௖ ൰
ଶ
ܴ௖ଶ௡ݎିଶ௡ିଵ ݀ݎ (35)
 
To overcome this ordinary differential equation, integration has to be provided. 
݌ ൌ െߩ ൬ݑଵܴௌߙܴ௖ ൰
ଶ 1
2݊ ൬
ܴ௖
ݎ ൰
ଶ௡
൅ ܥ (36)
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Integration constant ܥ can be derived the boundary conditions (for ݎ ൌ ܴ௖ and ݌ ൌ ݌ଵ): 
ܥ ൌ ݌ଵ ൅ ߩ ൬ݑଵܴௌߙܴ௖ ൰
ଶ 1
2݊ (37) 
 
Substituting the right hand side from (37) for ܥ in (36), it can be gained: 
 
݌ ൌ ݌ଵ െ ߩ ൬ݑଵܴௌߙܴ௖ ൰
ଶ 1
2݊ ቈ൬
ܴ௖
ݎ ൰
ଶ௡
െ 1቉ (38) 
 
This final equation represents the pressure distribution depending on variable ݎ, 
but its authenticity is limited for the annulus (between the core and the wall of 
the hydrocyclone).  
 
 
4.3.3 Correction coefficient ߙ 
As mentioned formerly this coefficient corrects the equilibrium of angular 
momentum, and was derived for tangential inlet depending on some dimensions 
of the separating device. For this dependence the following approximation 
equation was created [17]: 
 
ߙ ൌ ሾሺെ0,3467ݔ ൅ 0,462ሻݔ െ 0,1484ሿݔ ൅ ሾሺ0,048ݕ െ 0,1146ሻݕ ൅ 0,0491ሿݕ ൅ 
൅ሺ0,4292ݔ ൅ 1,823ݕ െ 0,9444ሻݔݕ ൅ 1 (39) 
 
ݔ ൌ 2ܾܦ௖   and ݕ ൌ
ଵܵ
ܵ௣ (40) 
 
Where ݔ should lie in the interval 0 ൏ ݔ ൏ 0,8 and ݕ in the interval 
 0,45 ൏ ݕ ൏ 1,8. 
 
 
4.3.4 The calculation of the parameter ݊ 
The study of Muschelknautzen presented the drop of the angular momentum in 
the flow area [17]. From his experimental data the following equation was 
formulated for calculating the exponent ݊: 
 
݊ ൌ 1 െ
ln ൬ ଵܵߙ
ଵܵߙ ൅ ሺߣ௟ ൅ ߣௌሻߨܴ௦ܪ௖൰
ln ݀௣ܦ௖
 (41) 
 
Where ߣ௟ is the fluid friction coefficient, ߣௌ is the equivalent coefficient of friction 
of dispersed particles along the wall. From numerous experimental data a 
formula was established for calculation both coefficients by Muschelknautzen 
cited in [17]: 
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ߣ௟ ൌ ൝ቈ0,628ܪ௖൫ܦ௖ െ ݀௣൯ߤ
௟ܸሶ ݀௣ߩ ቉
ଵ,଺ଷ
൅ ሼ40,3 ൅ 5,4 · 10ିଷሾെ lnሺ݇כ ൅ 10ି଺ሻሿହሽିଶൡ
଴,ସ
 (42)
 
Where ߤ and ߩ are the molecular viscosity and density of the fluid medium. The 
parameter ݇כ is the relative roughness on the wall of the hydrocyclone and can 
be computed: 
 
݇כ ൌ ݇௠௜ௗܦ௖  (43)
 
This formula is generally valid for pipes, it is evident that the sections of 
hydrocyclone are analogous to pipes. Parameter ݇כ is dimensionless and ݇௠௜ௗ 
is the absolute roughness of the surface depending on the quality and the 
material. 
 
material quality of the wall ࢑࢓࢏ࢊ [mm] 
steel new, purified 
rusty (partially) 
rusty (after a long time) 
0,1 
0,35-0,4 
1,2-3,0 
cast-iron new 
rusty (partially) 
0,5-1,0 
1,5 
Chart 1: Absolute roughness [19] 
 
According to Šob [19] the values in chart 1 for ݇௠௜ௗ are proposed, however they 
are only indicative. 
ߣௌ ൌ 1,7݂ ൬ߩௌ െ ߩߩௌ ൰
ଵܵݓଵߙ
ܴௌඥܦ௖݀௣
 (44)
 
Although the determination of ߣௌ is possible according to equation (44), the 
weakness is that it is valid only if ݓଵ is smaller than 0,1 ሺݓଵ ൏ 0,1ሻ, where ݓଵ is 
the mass fraction of solid phase in a fluid. In the same expression the variable ݂ 
is called friction coefficient, and it is dependent on the type of liquid, the type of 
dispersed medium and on the material of the devices wall. Its value is estimated 
in the interval of 0,1 and 0,4. 
In order to get desirable tangential velocity profile from equation (24) the 
obtained ݊ (41) should be larger than -0,5 ሺ݊ ൐ െ0,5ሻ, otherwise if ݊ ൏ െ0,5 the 
calcuted variable can result in inaccurate values [17]. 
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4.3.5 Separation in cyclones 
It is evident that defining the efficiency parameter for machines and devices is 
relevant, therefore a hydrocyclone is not an exception. The parameter shows 
the rate of “economical” operation. The efficiency of a hydrocyclone is 
characterized by 3 parameters: the critical diameter, fractional and total 
separability. 
Critical diameter ܦହ଴ concerns the size of the particle, and it means that the 
separability in the cyclone is 50%. If the particles diameter is bigger than ܦହ଴, it 
will be separated with the separability bigger than 50%. On the other hand, if 
the size is smaller than ܦହ଴, it will operate with lower separability.  
The critical diameter is derived from Ljaščenkos and Reynolds number [17]. 
 
ܦହ଴ ൌ 3√ߨඨ
ଵܵ ߤ
ܪ଴ሺߩ௦ െ ߩሻݑଵ
ߙ ܦ௖
2 ܴ௦ ൬
݀௣
ܦ௖൰
௡
 (45) 
 
ܪ଴ represents the height of the core and can be written (see figure 8.): 
 
ܪ଴ ൌ ܪ௩ െ ܪ௣ ൅ ܦ௖ െ ݀௣ܦ௖ െ ݀௞ ܪ௞ (46) 
 
Equation (45) represents the dependency of critical diameter mainly on the 
dimensions of hydrocyclone, inlet velocity and physical properties of fluid and 
solid phase. 
 
Fractional (grade) separability ߮௜ 
Is defined as the ratio of separated fractional mass sized ܦ௜ (particle diameter) 
to mass on the inlet of the same fraction. 
 
߮௜ ൌ ሶ݉ ௦௜௞ሶ݉ ௦௜ଵ (47) 
 
Where ሶ݉ ௦௜௞ is the mass flow rate of solid phase sized ܦ௜ caught in the 
underflow (spigot) and ሶ݉ ௦௜ଵ is the mass flow rate of solid phase sized ܦ௜ 
entering the separator. 
 
Total separability ߮ 
Is defined as the ratio of separated mass by the hydrocyclone to the mass on 
the inlet. 
߮ ൌ ሶ݉ ௦௞ሶ݉ ௦ଵ (48) 
 
Where ሶ݉ ௦௞ is the mass flow rate of solid phase separated in the underflow 
(spigot) and ሶ݉ ௦ଵ is the mass flow rate of solid phase entering the separator. 
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4.3.6 Efficiency of hydrocyclones 
Unfortunately the approach used in this chapter does not enable the correct 
prediction of the efficiency  ߟ௛ of hydrocyclones, furthermore it is important to 
concentrate on the fact that they are designed so that the 90% or more of fluid 
mass should escape the device through the vortex finder. In different literature 
several methods are explored, this thesis interprets the following evaluation of 
efficiency: 
ߟ௛ ൌ ሶ݉ ௦௞ሶ݉ ௦ଵ
ሶ݉ ௟௣
ሶ݉ ௟ଵ ൌ ߮
ሶ݉ ௟௣
ሶ݉ ௟ଵ (49)
 
Where ሶ݉ ௟௣ is the mass flow rate of fluid escaping through the vortex finder and 
ሶ݉ ௟ଵ is the mass flow rate entering the hydrocyclone [17]. 
 
4.3.7 Distribution of fractional separability 
Sometimes it is called the “recovery to underflow”. The distribution of fractional 
separability normally is determined from an experiment (hydrocyclone 
manufacturers should supply it), even so exists another possibility. With the aid 
of mathematics we can express the distribution with an exponential curve:  
߮௜ሺܦ௜ሻ ൌ 1 െ exp ቈെቆ ܦ௜ܦହ଴ ݇ఝ௧ ݇ఝ௖ቇ
௡ക
቉ (50)
 
Where ݇ఝ௖, ݇ఝ௧ and ݊ఝ are the parametres of this exponential model, and ݇ఝ௖ 
for hydrocyclones has got the value 1,25 and represents the quality of its 
implementation. For ݇ఝ௧ was established a regression equation from 
experimental data by Bauer presented in [17]: 
݇ఝ௧ ൌ 1,862 െ 0,723݊ (51)
 
The exponent ݊ఝ can be computed for ߮ହ଴ሺܦହ଴ሻ ൌ 0,5 and ܦ௜ ൌ ܦହ଴ from 
equation (29), thus: 
0,5 ൌ 1 െ exp ቈെቆ ܦହ଴ܦହ଴ ݇ఝ௧ ݇ఝ௖ቇ
௡ക
቉  
 
0,5 ൌ exp ቈെቆ 1݇ఝ௧1,25ቇ
௡ക
቉  /݈݊  
 
ln 0,5 ൌ െቆ 0,8݇ఝ௧ ቇ
௡ക
| · ሺെ1ሻ |݈݊  
 
ln 0,693147 ൌ ݊ఝ · ln ቆ 0,8݇ఝ௧ ቇ  
 
݊ఝ ൌ 0,3665130,223144 ൅ ln ݇ఝ௧ (52)
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4.3.8 Pressure drop 
The pressure drop is an important design parameter for every fluid device. 
Usually the drop can be calculated from Bernoulli equation between two points 
(neglecting the difference of hydrostatic pressure) [17]: 
݌ଵ
ߩ ൅
ݑଵଶ
2 ൌ
݌௣
ߩ ൅
ݑ௣ଶ
2 ൅ ௗܻ௥௢௣ (53) 
݌ௗ௥௢௣ ൌ ݌ଵ െ ݌௣ ൅ ߩ ݑଵ
ଶ െ ݑ௣ଶ
2 ൌ ݌௧௢௧ଵ െ ݌௧௢௧௣ 
 
(54) 
Where ݌ଵ and ݌௣ denote the static pressures on the inlet respectively on the 
outlet of vortex finder, ݑଵ and ݑ௣ denote the velocity magnitude on the inlet and 
outlet of vortex finder.  
An additional information is the difference of static pressure: 
∆݌ ൌ ݌ଵ െ ݌௣ ൌ ߩ2 ൫ݑ௣
ଶ െ ݑଵଶ൯ ൅ ߩ ௗܻ௥௢௣ (55) 
 
However this method cannot predict the correct pressure drop because it 
assumes the fact that fluid escapes the domain only through the vortex finder, 
which is not fully true, since it leaves through the spigot too.  
Hydrocyclones should be designed so that the majority of the suspension 
should leave the separator through the vortex finder (sometimes more than 90% 
of the mass flow rate). 
There exists another possibility how to evaluate the pressure drop, if the flow 
through the spigot becomes more important. It can be derived from the 
equilibrium of power.  
ሶ݉ ଵ ଵܻ ൌ ሶ݉ ௣ ௣ܻ ൅ ሶ݉ ௞ ௞ܻ ൅ ௗܲ௥௢௣ 
 (56) 
ሶ݉ ଵ ݌௧௢௧ଵߩ  ൌ ሶ݉ ௣
݌௧௢௧௣
ߩ ൅ ሶ݉ ௞
݌௧௢௧௞
ߩ ൅ ሶ݉ ଵ
݌௧௢௧ௗ௥௢௣
ߩ  
 
ሶ݉ ଵ ݌௧௢௧ଵ  ൌ ሶ݉ ௣ ݌௧௢௧௣ ൅ ሶ݉ ௞ ݌௧௢௧௞ ൅ ሶ݉ ଵ ݌ௗ௥௢௣  
݌ௗ௥௢௣ ൌ ሶ݉ ଵ ݌௧௢௧ଵ െ ሶ݉ ௣ ݌௧௢௧௣ െ ሶ݉ ௞ ݌௧௢௧௞ሶ݉ ଵ  
(57) 
 
 
Where ሶ݉ ଵ represents the mass flow rate on the inlet, ሶ݉ ௣ on the overflow and 
ሶ݉ ௞ on the underflow. 
From the equations above, the determination of the pressure drop is possible, 
however the values of pressure and velocity are needed, which can be gained 
from a CFD simulation or an experiment. 
If there are no simulations and data available, then it is an important issue, 
therefore a key technique was suggested by some writers how to evaluate the 
difference of pressure only from dimensions and operating conditions [10]. The 
disadvantage of these formulas is, that they are half empirical and are not valid 
under all circumstances. 
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 By J. J. Moder and D. A. Dahlstrom [10]:  
∆݌ ൌ ൥ ܸ1,25݇൫݀௩௦௧݀௣൯଴,ଽ
൩
ଶ
 (58)
 
Where ܸ is the volume flow performance in ቂ ௟௠௜௡ቃ, ݀௩௦௧ is the diameter of the inlet 
nozzle in ሾܿ݉ሿ, ݀௣ is the diameter of the vortex finder in ሾܿ݉ሿ, ݇ is a constant 
(depending on the ratio ௗ೛ௗೡೞ೟)  and ∆݌ is the pressure drop in ሾ݉ ݋݂ ݓܽݐ݁ݎ ܿ݋݈ݑ݉݊ሿ. 
 
The evaluation of ݇: 
݀௣
݀௩௦௧ א ۃ0,75; 1ۄ; ݇ ൌ 4,85݁
଴,଴଴ହଷ଻ ௣ܸ (59)
݀௣
݀௩௦௧ א ۃ1,25; 1,35ۄ; ݇ ൌ 7,16݁
଴,଴଴ଶଷସ ௣ܸ (60)
݀௣
݀௩௦௧ א ۃ1,68; 2,11ۄ; ݇ ൌ 6,85݁
଴,଴଴ଵ଺ଷ ௣ܸ (61)
 
௣ܸ is a dimensionless number and represents the mass escaping through the 
vortex finder in percentages. 
 
 By A. I. Povarov: 
ܪ ൌ 1݃ ቈ
ܸ߮଴,ଶ
9,1݀௩௦௧݀௣቉
ଶ
 (62)
 
Where ߮ ሾ݀݁݃ሿ is the angle of the conical section (figure 8.), ݃ is the 
gravitational acceleration in ቂ௠௦మቃ and ܪ is the pressure on the inlet in ቂ
௞௚
௖௠మቃ. 
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4.4 The initial design of hydrocyclone 
Every device in mechanical engineering has to be designed for some operating 
conditions, thus a HC is not an exception. These conditions are the following:  
 the volume flow rate of the suspension: 6 ݈/ݏ  
 the liquid phase: water 
 the solid phase: aluminium (density: ߩ஺௟ ൌ 2719 ௞௚௠య)  
 the mass fraction of aluminium particles in water, in this case this value 
was chosen: ݓଵ ൌ 0,001 
 aiming on separating particles from water, with size 1 ߤ݉ or less 
In the figure 9 is shown a hydrocyclone with its corresponding dimensions, and 
from the same figure can be noticed the fact, that there are eight independent 
variables:  
ܪ௖, ܪ௣, ܽ, ܾ, ܦ௖, ݀௣, ݀௞, ߮. The remaining (four) variables are dependent: 
ܪ଴, ܪ௩, ܪ௞, ܴ௦. Therefore ܪ௞ is possible to calculate with the aid of ܦ௖, ݀௞ and ߮, ܪ௩ with the assistance of ܪ௞ and ܪ௖ and lastly ܪ଴ from equation (46). 
 
 
4.4.1 Supplementing equations 
The separation in hydrocyclones depends highly on the diameter of the spigot 
and vortex finder, therefore their ratio should be chosen rationally. From 
experiments carried out by J. J. Moder a D. A. Dahlstorm [10] the following 
equation was constructed: 
ܽܦ௖ ൌ 2݀௩௦௧ ൅ ݀௣ (63) 
 
In this case ܽ is a constant and its value is approximately 0,5, ݀௩௦௧ is the 
diameter of the inlet nozzle, whereas this thesis aims on hydrocyclone with a 
rectangular shape of the nozzle. However this nuisance can be overcome with 
the support of surface equality, then: 
݀௩௦௧ ൌ ඨ4ܾܽߨ                      ܦ௖ ൌ 8ඨ
ܾܽ
ߨ ൅ ݀௣ (64) 
 
Furthermore Dahlstrom and Moder stated the optimal ratio of the vortex finder 
diameter and inlet nozzle diameter, its value should be 1:1 or 2:1. 
Two more dimensional ratios are supplementing the initial design [10]: 
 
ܦ௖
݀௩௦௧ א ۃ4; 8ۄ                
݀௣
݀௞ א ۃ1; 4ۄ  (65) 
 
The ratio on the left indicates the working pressure of the separator, if the inlet 
diameter is smaller than ratio increases, in addition the velocity increases. The 
pressure drop varies with the square of the velocity magnitude. The ratio on the 
right is from praxis.  
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4.4.2 Design 
The initial design of the hydrocyclone was created with the assistance of 
equations (39) to (41), they were written in the commercial software Microsoft 
Excel 2010, and the independent variables were set up manually respecting the 
operating conditions. 
 
1. Hydrocyclone number 1 
The main independent dimensions: ܪ௖ ൌ 0,35݉; ܪ௣ ൌ 0,04݉;  ܽ ൌ 0,03142݉; 
ܾ ൌ 0,01݉; ܦ௖ ൌ 0,08݉; ݀௣ ൌ 0,04݉; ݀௞ ൌ 0,015݉;  ߮ ൌ 15° 
 
The main dependent dimensions: ܪ଴ ൌ 0,21505݉; ܪ௩ ൌ 0,10314݉;  ܪ௞ ൌ 0,24686݉ ; ܴ௦ ൌ 0,07݉ 
 
The remaining parameters: ଵܵ ൌ 0,00031416݉ଶ;  ݔ ൌ 0,25;  ݕ ൌ 0,25; ܵ௣ ൌ 0,00126݉ଶ;  ߙ ൌ 0,96839; ݊ ൌ െ1,01508;ܦହ଴ ൌ 0,4015ߤ݉; ݇ఝ௖ ൌ 1,25;  
݇ఝ௧ ൌ 2,5959; ݊ఝ ൌ 0,31138 (calculated equivalent diameter ݀௩௦௧ ൌ 0,02݉ 
from ଵܵ) 
 
The determination of pressure drop: 
 By J. J. Moder and D. A. Dahlstrom [10]: 
݀௣
݀௩௦௧ ൌ 2      ฺ      ݇ ൌ 6,17506      ฺ      ∆݌ ൌ 505371ܲܽ  By A. I. Povarov [10] 
∆݌ ൌ 722401,68ܲܽ 
 
Design number 1 does not take into consideration the equation (64), 
furthermore does not satisfy the criterion for ݕ (chapter 4.3.3), and the condition 
for ݊ given in chapter 4.3.4.  
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Figure 13: Rendered picture of hydrocyclone number 1 
 
In the figure 13 (and 14) a model was created in the software Autocad Inventor 
2010. On the left side is a cross section and on the right side is the full model of 
the separator device. 
 
2. Hydrocyclone number 2 
The main independent dimensions: ܪ௖ ൌ 0,5݉; ܪ௣ ൌ 0,0463݉;  ܽ ൌ 0,02356݉; 
ܾ ൌ 0,03݉; ܦ௖ ൌ 0,18݉; ݀௣ ൌ 0,03݉; ݀௞ ൌ 0,02݉;  ߮ ൌ 20° 
 
The main dependent dimensions: ܪ଴ ൌ 0,42535݉; ܪ௩ ൌ 0,0463݉;  ܪ௞ ൌ 0,4537݉ ; ܴ௦ ൌ 0,15݉ 
 
The remaining parameters: ଵܵ ൌ 0,00070686݉ଶ;  ݔ ൌ 0,333;  ݕ ൌ 1; ܵ௣ ൌ 0,00071݉ଶ;  ߙ ൌ 1,3121; ݊ ൌ 0,0749; ܦହ଴ ൌ 0,393ߤ݉; ݇ఝ௖ ൌ 1,25; 
݇ఝ௧ ൌ 1,808; ݊ఝ ൌ 0,4496 (calculated equivalent diameter ݀௩௦௧ ൌ 0,03݉ from 
ଵܵ) 
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The determination of pressure drop: 
 By J. J. Moder and D. A. Dahlstrom [10]: 
݀௣
݀௩௦௧ ൌ 1      ฺ      ݇ ൌ 4,3885      ฺ       ∆݌ ൌ 809440ܲܽ  By A. I. Povarov 
∆݌ ൌ 640396,86ܲܽ 
 
Figure 14: Rendered picture of hydrocyclone number 2 
 
Hydrocyclone number 2 takes into account equation (64), in contrast to the first 
design, furthermore it satisfies the criterion for ݕ (chapter 4.3.3) and the 
condition for ݊ given in chapter 4.3.4.  
With the help of ݇ఝ௖, ݇ఝ௧ and ݊ఝ the distribution of fractional separability for 
hydrocyclone number 1 and 2 can be illustrated. From the graph is apparent the 
feature of the two separators, number 1 separates particles with smaller 
(smaller than ܦହ଴) diameter better than number 2, whereas for diameter bigger 
than ܦହ଴ the opposite is valid.  
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Graph 1: Distribution of fractional separability 
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5. Governing equations in computational fluid 
dynamics 
 
The description of fluid flow mathematically is possible with the conservation 
laws of physics: 
- the fluid mass conversation 
- from Newton's second law the acceleration of the particles mass is equal to 
the sum of forces acting on it 
- first law of thermodynamics [20] 
 
The mass conservation law demonstrates the fact that mass in an isolated 
system throughout time will remain constant (called as continuity equation in 
fluid mechanics), in Cartesian coordinate system (on the left in Einstein 
summation convention, on the right compact vector notation) [6]: 
 
߲ߩ
߲ݐ ൅
߲ሺߩ ݒ௜ሻ
߲ݔ௜ ൌ 0 ݋ݎ
߲ߩ
߲ݐ ൅ ݀݅ݒሺߩ ݒԦሻ ൌ 0 (66)
 
Where ߩ is the density of the medium, ݒ௜ ሺݒԦሻ is its velocity and is valid for 
compressible fluids [21]. However in most engineering problems for water is 
used the continuity equation in incompressible form (for ݅ ൌ 1, 2, 3): 
 
߲ݒ௜
߲ݔ௜ ൌ 0 ݋ݎ ݀݅ݒ ݒԦ ൌ 0 (67)
 
The line above implies, that it is an algebraic differential equation and can be 
written: 
߲ݒଵ
߲ݔଵ ൅
߲ݒଶ
߲ݔଶ ൅
߲ݒଷ
߲ݔଷ ൌ 0 (68)
 
This approach does not enable the full description of flow, it is only a 
supplementation of the Navier-Stokes equation. 
The Navier-Stokes equation was first derived by Claude-Louis Navier and later 
complemented by George Gabriel Stokes hypothesis. Then later his hypothesis 
was verified for Newtonian fluid. 
 ߲ݒ௜
߲ݐ ൅
߲ݒ௜
߲ݔ௝ ݒ௝ ൌ െ
1
ߩ
߲݌
߲ݔ௜ ൅ ߥ
߲ଶݒ௜
߲ݔ௝߲ݔ௝ ൅ ݃௜ (69)
 
       shear tensor 
 
Where ݌ is static pressure, ݃௜ is acceleration of the fluid mass in a field force 
(for example gravity) and ߥ is the kinematic viscosity. 
Analogically (69) it is a differential vector equation and can be expanded into 3 
differential algebraic equations. In few situations the analytical solution of 
Navier-Stokes equation can be gained, but only for primitive boundary  
conditions and only in laminar flow regime. 
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The solution demands another approaches, so the aid of computers and 
numerical methods is needed. 
 
Reynolds investigated the pure behaviour of the turbulent flow, after reasoning 
he introduced his argumentations, which included the statements, that 
properties (pressure and velocities) in the turbulent flow can be divided into 2 
parts, one is the mean value of the property and second is the fluctuating part, 
which depends on time.  
ݒሺݐሻ ൌ ݒҧ ൅ ݒᇱሺݐሻ (70) 
 
This is called the Reynolds decomposition. He derived the Reynolds-averaged 
Navier-Stokes equations (RANS) for incompressible flow, which are esentially 
time-averaged [21]. 
߲ݒపഥ
߲ݔ௜ ൌ 0 (71) 
 
߲ݒపഥ
߲ݐ ൅
߲
߲ݔ௝ ൫ݒపഥݒఫഥ൯ ൌ െ
1
ߩ 
߲݌ҧ
߲ݔ௜ ൅ ߥ
߲ଶݒపഥ
߲ݔ௝߲ݔ௝ ൅
1
ߩ
߲߬௧௜௝
߲ݔ௝  (72) 
 
 
 
  ߲ݒపഥ
߲ݐ ൅
߲
߲ݔ௝ ൫ݒపഥݒఫഥ൯ ൌ െ
1
ߩ 
߲݌ҧ
߲ݔ௜ ൅ ߥ
߲ଶݒపഥ
߲ݔ௝߲ݔ௝ െ
߲
߲ݔ௝ ൫ݒపԢݒఫԢ
തതതതതത൯ (73) 
 
        Reynolds stresses 
 
In expression (73) the last term is called the Reynolds stress tensor, which is a 
new tensor with 9 new variables (for every direction 3 new variables). For a 
symmetric tensor it can be reduced to 6 variables. 
 
߬௧ଵଵ ൌ െߩݒଵᇱଶതതതത       ߬௧ଶଶ ൌ െߩݒଶᇱଶതതതത ߬௧ଷଷ ൌ െߩݒଷᇱଶതതതത (74) 
 
߬௧ଵଶ ൌ ߬௧ଶଵ ൌ െߩݒଵᇱݒଶᇱതതതതതത          ߬௧ଵଷ ൌ ߬௧ଷଵ ൌ െߩݒଵᇱݒଷᇱതതതതതത ߬௧ଶଷ ൌ ߬௧ଷଶ ൌ െߩݒଶᇱݒଷᇱതതതതതത (75) 
 
The meaning of these turbulent stresses can be found in [21]: "The terms 
involve products of fluctuating velocities and are associated with convective 
momentum transfer due to turbulent eddies."  
 
This is a cardinal problem of RANS equation: 
- only 4 equations are available (3xRANS for directions ݔଵ, ݔଶ and ݔଷ and 
1xcontinuity equation) 
 
- but there are altogether 10 variables:  
 3x ݒపഥ  (mean velocities) 
 1x ݌ҧ (mean static pressure) 
 and 6x ߬௧௜௝ (turbulent stress components) 
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So called closure problem arises, which has to be solved by application of: 
1. reduction the number of variables 
2. devising new equations (’’models’’) 
 
In year 1877 Boussinesq supposed that Reynolds stresses could be substituted 
with another tensor, which is analogous to the strain rate tensor included in N-S 
equation. 
Boussinesq assumed that ߤ௧ is a scalar isotropic quantity, on the other hand 
this is the disadvantage of this attitude and it may not be fulfilled in every 
occasion. For incompressible flow [20]:   
߬௧௜௝ ൌ െߩݒపᇱݒఫᇱതതതതതത ൌ ߤ௧ ቆ߲ݒపഥ߲ݔ௝ ൅
߲ݒఫഥ
߲ݔ௜ቇ െ
2
3ߩ݇ߜ௜௝ (76)
 
Where ݇ is the turbulent kinetic energy and ߜ௜௝ is the Kronecker delta. 
 
Nowadays the most sturdy method for engineering applications is the RANS 
equations supplemented with k-ε turbulence or RSM model. Of course there 
exists other options to solve turbulent flow numerically, it is the LES (Large eddy 
simulation) and DNS (Direct numerical simulation) method. If we want to obtain 
satisfying values of the flow, then a very fine computational domain is needed, 
hence it leads to high computational costs.   
For most problems in CFD the users are pleased with mean values, such as 
calculating surface integrals of static pressure, mean velocities, after it from 
these values mostly the efficiency can be evaluated of the given machine or 
mechanism. To gain these numbers the use of RANS equations satisfies our 
needs, however the effects of turbulence cannot be neglected in some 
situations, because instantaneous fluctuations can have an effect on the flow as 
well. 
 
 
 
5.1 VOF model 
 
The volume of fluid model is one of the three models which is available in 
FLUENT to manage multiphase flow (two and more phases) calculations. The 
VOF model is based on the Euler-Euler conception, different phases are treated 
as phase volume fractions. The sum of volume fractions in every mesh cell 
equals to one, and are handled as continuous functions of time and position 
(cell). 
VOF was introduced by Hirt and Nichols in year 1981 (donor acceptor scheme) 
[22], and is the simplest method for computing multiphase flows according to 
convergence and calculation time, essentially. It is worth to note, that the use 
was set up for immiscible fluids, where between the density of fluids is a capital 
difference (for example water and air). FLUENT [23] guide recommends the 
usage of this model for free-surface flows, filling, large bubble motion in a fluid 
etc. The profitable benefits of this method should be the correct prediction of the 
interface between the eulerian phases. 
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The use of VOF is quite obvious and it can be seen in figure 18 and [24], that 
flows  in hydrocyclones credibly imitate the free-surface flows, because the 
water and air core are visibly separated, also the interface between them is 
illustrated in the same picture.  
The use of mixture model is also possible in hydrocyclones, however it has got 
a different numerical scheme for computation of the volume fraction equation. 
 
It is important to remark that for all fluids the solution of a single set of 
momentum is required (N-S). The mathematical concept behind the VOF 
model, relies only on one transport equation for the volume fraction: 
 
߲ߙ
߲ݐ ൅
߲ሺߙ ݒ௜ሻ
߲ݔ௜ ൌ 0 (77) 
 
After expanding the derivation for incompressible flow is valid [22]: 
 
߲ߙ
߲ݐ ൅ ݒ௜
߲ߙ
߲ݔ௜ ൌ 0 (78) 
 
Where ߙ represents the volume fraction. The expression (77) can remind us of 
the continuity equation, the only change is that instead of density the volume 
fraction is the transported quantity. Naturally the sum of the volume fractions in 
computational element must be one. For a two phase flow: 
 
ߙ௪ ൌ 1 െ ߙ௔ (79) 
 
Where ߙ௪ denotes to volume fraction of water and ߙ௔ volume fraction of air. 
Assuming only these two phases we can distinguish three states in each cell: 
 ߙ௪ ൌ 0 and ߙ௔ ൌ 1, this element contains only one phase, which is air 
 ߙ௪ ൌ 1 and ߙ௔ ൌ 0, this element contains only one phase, which is water 
 0 ൏ ߙ௪ ൏ 1 and 0 ൏ ߙ௔ ൏ 1, this element contains both phases (water 
and air), obviously the interface between them must be calculated. The 
formula for calculating the mean density in the element: 
ߩ ൌ ߩ௪ߙ௪ ൅ ߩ௔ߙ௔ ൌ ߩ௪ߙ௪ ൅ ߩ௔ሺ1 െ ߙ௪ሻ (80) 
 
Same formula is used for calculation of mean viscosity. Most of the methods in 
numerics has got some disadvantages, hence VOF is not any exception. 
Difficulties can occur at the interface discontinuity another problem is to 
calculate the curvature of interface.  
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5.2 ݇ െ ߳ model 
 
This model is based on Boussinesq hypothesis and is the most widely 
implemented turbulence model in commercial CFD programs. This is a two 
equation model, which means that the 2 transport equations are derived for ݇ 
and for ߳, in addition with this technique the turbulence dynamics can be 
grasped, because ݇ is the turbulent kinetic energy and ߳ is the rate of turbulent 
dissipation, moreover ݇ and ߳ are instantaneous variables. 
 
݇ሺݐሻ ൌ ത݇ ൅ ݇ (81)
 
Where ത݇ is the mean kinetic energy of turbulence and ݇ is the turbulent kinetic 
energy [21]. The kinetic energy essentially in physics is the velocity magnitude 
powered by two, multiplicated by mass and divided by two, although the mass 
in this situation does not figure, because it is evaluated per unit mass (for 
turbulence is hard to define the according mass). The expression for ݇ and ത݇: 
ത݇ ൌ 12 ሺݒଵ
ଶ ൅ ݒଶଶ ൅ ݒଷଶሻ (82)
 
݇ ൌ 12 ൫ݒଵ
ᇱଶതതതത ൅ ݒଶᇱଶതതതത ൅ ݒଷᇱଶതതതത൯ (83)
 
Due to the use of isotropicity of turbulence ݒଵᇱଶതതതത ൌ ݒଶᇱଶതതതത ൌ ݒଷᇱଶതതതത, so: 
݇ ൌ 32 ݒଵ
ᇱଶതതതത (84)
 
A new feature had to be overtaken from the analogy of the fluid element 
deformation, which was used by the N-S equation derivation for Newtonian 
fluids, therefore tensor for the rate of deformation had to be proposed [21]: 
 
ݏ௜௝ ൌ ൥
ݏଵଵ ݏଵଶ ݏଵଷݏଶଵ ݏଶଶ ݏଶଷݏଷଵ ݏଷଶ ݏଷଷ
൩ (85)
   
This tensor reveals the fluid element deformation in a turbulent flow, 
analogically the matrix elements can be expressed: 
ݏ௜௝ሺݐሻ ൌ ݏపఫതതത ൅ ݏ௜௝ᇱ ሺݐሻ (86)
 
For elements of matrix ݏ௜௝ሺݐሻ: 
ݏ௜௝ሺݐሻ ൌ ݏపఫതതത ൅ ݏ௜௝ᇱ ሺݐሻ ൌ 12 ቈ
߲ݒపഥ
߲ݔ௝ ൅
߲ݒ௝ᇱ
߲ݔ௜቉ ൅
1
2 ቈ
߲ݒఫഥ
߲ݔ௜ ൅
߲ݒ௜ᇱ
߲ݔ௝቉ (87)
 
On the diagonal on the matrix (for example element ݏଵଵሺݐሻ): 
 
ݏଵଵሺݐሻ ൌ 12 ቈ
߲ݒଵതതത
߲ݔଵ ൅
߲ݒଵᇱ
߲ݔଵ቉ ൅
1
2 ቈ
߲ݒଵതതത
߲ݔଵ ൅
߲ݒଵᇱ
߲ݔଵ቉ ൌ
߲ݒଵതതത
߲ݔଵ ൅
߲ݒଵᇱ
߲ݔଵ (88)
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An element off the diagonal (for example element ݏଵଶሺݐሻ): 
 
ݏଵଶሺݐሻ ൌ ݏଶଵሺݐሻ ൌ 12 ቈ
߲ݒଵതതത
߲ݔଶ ൅
߲ݒଶᇱ
߲ݔଵ቉ ൅
1
2 ቈ
߲ݒଶതതത
߲ݔଵ ൅
߲ݒଵᇱ
߲ݔଶ቉ ൌ 
ൌ 12 ൤
߲ݒଵതതത
߲ݔଶ ൅
߲ݒଶതതത
߲ݔଵ൨ ൅
1
2 ቈ
߲ݒଵᇱ
߲ݔଶ ൅
߲ݒଶᇱ
߲ݔଵ቉ 
(89) 
 
Formerly a fundamental issue was the deduction of the dissipation rate of 
turbulence ߳, later the powerful technique was used, which has facilitated the 
rate of viscous dissipation. The ߳ is pulled out from the N-S equation, so that all 
momentum equations are multiplied by the corresponding velocity (direction ݔଵ 
is associated with velocity ݒଵ etc), the same mathematical operations were 
carried out for Reynolds equations. After subtracting the equations from each 
other and demanding operations the equation for turbulent kinetic energy was 
gained by Tennekes and Lumley in 1972 cited in [21]. In this equation the 
following term is the rate of  viscous dissipation: 
 
߳ ൌ 2ߥݏపఫᇱ · ݏపఫᇱതതതതതതതതത (90) 
 
Substantial issue is that the value of this term will be always positive and 
represents the destruction of turbulent kinetic energy. 
The k-epsilon turbulence model implemented in FLUENT has got 3 versions: 
standard, RNG and realizable. These modifications differ from each other 
mainly in three ways: the calculation of turbulent viscosity, the diffusion of ݇ and 
߳ and production, annihilation of terms in the ߳ equation [23].   
The realizable ݇ െ ߳ model is one of the latest modifications, of ݇ െ ߳ model. 
FLUENT guide recommends the use in flows that involve rotation, separation 
and recirculation. This thesis uses this model only in the first few iterations to 
gain a better initialization and convergence of flow properties, which can be 
calculated by the RSM model onwards (the ݇ െ ߳ model fails to predict the 
correct flow [24]). 
All three variations use the same formula to compute the eddy viscosity: 
ߤ௧ ൌ ߩܥఓ ݇
ଶ
ߝ  (91) 
 
Where ܥఓ is a dimensionless number, for realizable method is not constant and 
has to be evaluated from other formulas (for more informations see [23]). 
For turbulence quantities ݇ and ߳ transport equation can be written: 
 ߲ሺߩ݇ሻ
߲ݐ ൅
߲൫ߩ݇ݒ௝൯
߲ݔ௝ ൌ
߲
߲ݔ௝ ቈ൬ߤ ൅
ߤ௧
ߪ௞൰
߲݇
߲ݔ௝቉ ൅ ܩ௞ ൅ ܩ௕ െ ߩ߳ െ ௠ܻ ൅ ܵ௞ (92) 
 
 
 I  II  III             IV         V 
 
 
߲ሺߩ߳ሻ
߲ݐ ൅
߲൫ߩ߳ݒ௝൯
߲ݔ௝ ൌ
߲
߲ݔ௝ ቈ൬ߤ ൅
ߤ௧
ߪఢ൰
߲߳
߲ݔ௝቉ ൅ ߩܥଵܵ߳ െ ߩܥଶ
߳ଶ
݇ ൅ √ߥ߳ ൅ ܥଵఢ
߳
݇ ܥଷఢܩ௕ ൅ ܵఢ (93) 
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Where: 
 term I is the ݇ and ߳ rate of change  
 term II is the ݇ and ߳ transport by convection of fluid 
 term III is the ݇ and ߳ transport diffusion 
 term IV is the ݇ and ߳ rate of production (ܩ௞ - on account of mean 
velocity gradients, Boussinesq hypothesis used for calculation. ܩ௕ - on 
account of buoyancy) 
 term V is the destruction term of turbulence 
 
Further on: 
ܥଵ ൌ max ൤0,43; ߟߟ ൅ 5൨ ; ߟ ൌ ܵ
݇
߳ ; ܵ ؠ ට2ݏపఫതതതݏపఫതതത (94)
 
Where ݏపఫതതത is the mean rate of deformation (strain rate tensor), ܵ is the 
corresponding modulus, ௠ܻ this term plays a significant role in compressible 
flow, in incompressible flows it is neglected. ܵఢ and ܵ௞ are source terms and can 
be defined by the user, ܥଷఢ has an impact on buoyancy and it is calculated from 
a formula. ߪ௞, ߪఢ are turbulent Prandtl numbers (for ݇ and ߳), ܥଵఢ and ܥଶ are 
constants of the model aiming on the credible prediction for canonical flows. 
The constant values are: ߪ௞ ൌ 1; ߪఢ ൌ 1,2; ܥଵఢ ൌ 1,44; ܥଶ ൌ 1,9. 
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5.3 RSM 
This model is not based on Boussinesq hypothesis [21]. The full name is 
Reynolds stress equation model. The „first” pioneer of developing this model 
was Launder et al in year 1975.  
The most remarkable information is that the turbulent viscosity is here assumed 
as anisotropic [24], although the problem lies in its complexity, because for a 3D 
flow has to be solved seven additional equations [23]. Solving six equation for 
Reynolds stresses (equation 76) and one transport equation for the dissipation 
rate [23]. The use of this model may not produce satisfying results in all 
occasions must not satisfy the results in all occasions, in some situations the 
prediction is more suitable by a two equation model.  
The use is recommended for highly swirling flow, for example the flow in a 
cyclone, where the Reynolds stresses are anisotropic. The exact transport 
equation for the Reynolds stresses is the following: 
 
߲൫ߩ ݑపᇱݑఫᇱതതതതതത൯
߲ݐ ൅
߲൫ߩ ݑ௞തതത ݑపᇱݑఫᇱതതതതതത൯
߲ݔ௞ ൌ ܦ்,௜௝ ൅ ܦ௅,௜௝ ൅ ௜ܲ௝ ൅ ܩ௜௝ ൅ ߶௜௝ െ ߳௜௝ ൅ ܨ௜௝ (95) 
 
The previous equation is implemented in FLUENT, the terms on the left hand 
side are the local time derivative (rate of change) and the convection term 
(transport of Reynolds stresses by convection - ܥ௜௝). In addition the terms on the 
right hand side are: the first is turbulent diffusion (transport of Reynolds stresses 
due to turbulent diffusion), the second is molecular diffusion (transport of 
Reynolds stresses due to molecular diffusion), the third is stress production 
(rate of Reynolds stress production), the fourth is buoyancy term (rate of 
Reynolds stress production by buoyancy), the fifth is pressure strain, the sixth is 
dissipation (rate of Reynolds stresses dissipation) and the seventh is production 
by rotation (transport of Reynolds stresses by rotation of the system).  
An important note to equation (95), is that not all terms require modeling. The 
terms which claim modeling are the following: ܦ்,௜௝, ܩ௜௝, ߶௜௝, ߳௜௝. Further terms, 
which do not need any modeling are: ܦ௅,௜௝, ௜ܲ௝, ܥ௜௝, ܨ௜௝. The calculation of 
dissipation rate is almost the same as in the standard ݇ െ ߳ model. 
Because of the complexity of RSM model the formulas, the way of calculation of 
each term will not be displayed in this thesis, due to the equation amount. For 
the sake of the readers the additional equations can be found in FLUENT theory 
guide or in [21].  
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6. The optimization of hydrocyclone 
 
6.1 Mesh and boundary conditions 
The computational domain (mesh) was created in the commercial software 
Gambit version 2.4.6.  
 
 
Figure 15: Computational mesh and the model of hydrocyclone number 1 
 
 
Few researchers dealt with the problem of the mesh size [15], [24]. To obtain 
satisfying results from the simulation, the use of RSM on a relatively coarse 
mesh should be used. 
After a long decomposition to get rid of hybrid and wedge elements the final 
version contains only hex elements, which is a big advantage concerning the 
quality of the elements. Another remarkable feature is, that the inlet pipe is not 
connected fully tangential to the cylindrical part, that is a leading cause of 
obtaining lower skewed elements. Skewness influences accuracy of the 
numerical solution. If the value is close to 0 it is a good element. FLUENT is 
capable to calculate the equations describing the flow on such an element if 
skewness is smaller than 0.93.  
The hydrocyclone contains 353466 hex elements, and the measured maximum 
value of skewness is 0.834 (worst elements are on the boundary of the inlet 
nozzle and the cylindrical part). 
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Boundary conditions 
Three types of boundary conditions were used: wall, velocity inlet and pressure 
outlet. 
1. wall - wall of hydrocyclone, where the boundary layer is formed. 
2. velocity inlet - the velocity profile is assumed as constant, it can be 
determined from the inlet surface and the volume flow rate, its value is 
ݒ ൌ 19,1௠௦ . There is no need to calculate Reynolds number because it 
will be surely turbulent flow. 
3. pressure outlet: 
a. overflow (vortex finder): set up a constant gauge pressure on this 
boundary, its value ݌ ൌ 0ܲܽ.  
b. underflow (spigot): the same condition as on the overflow. 
c. underflow (spigot): the same condition as on the overflow. 
  
Figure 16: Boundary conditions + mesh (hydrocyclone number 1) 
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6.2 Processing 
Lately much research has focused on modeling the flow within a hydrocyclone, 
therefore the basis of the FLUENT solver adjustment will respect these 
knowledges. 
For initializing a problem it is good to start with the ݇ െ ߳ due to its robustness. 
However this model is unable to predict the correct flow properties, because of 
the anisotropic turbulence [24], therefore the RSM model has to be enabled on 
and later the VOF model too, which is calculated in transient formulation. 
The air and water interaction is computed with the VOF model. The VOF model 
treats the coupled flow as Euler-Euler, on the other hand small aluminium 
particles are carried by the motion of fluids, which has to be dealt with 
Lagrangian approach. For tracking particles DPM (discrete phase modelling) is 
used. 
For pressure-velocity coupling the SIMPLE algorithm was used. Although this 
algorithm is derived for steady flows, it was shown that for transient flow is also 
applicable. The problems were calculated in the beginning with 1st order, later 
higher accuracy discretization (2nd order) was set up for convective terms of 
the transport equation. For pressure the PRESTO! scheme was employed, 
which use is recommended for multiphase and highly swirling flows. In addition 
for VOF model the modified HRIC scheme was applied. 
Generally in simulations of transient tasks a crucial problem occurs, choice of 
the size of the incremental time step, however the dynamical features of the 
given system are unknown in advance. It is recommended to choose the time 
step to be one hundred times smaller than the period of the dynamic 
phenomenon ቀ∆ݐ ൌ ்೛೐ೝ೔೚೏ଵ଴଴ ቁ. In this simulation the first choice of time step was 0,001ݏ ሺ∆ݐ ൌ 0,001ݏሻ. It was shown that this value is insufficient and had to be 
decreased down to ∆ݐ ൌ 0,0001ݏ. For a better understanding see the following 
section**. 
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6.2.1 Computation with time step 0,001s 
 
Graph 2: Static pressure of vertex average (hydrocyclone number 1 ,time 
step 0.001ݏ) 
 
The graph 2 shows the static pressure obtained from FLUENT time step was 
brought 0,001ݏ, pressure varies only in a small range 649938 െ 649922. The 
pressure was monitored at a point between the wall and the axis of the 
hydrocyclone (in the conical section). 
 
Graph 3: Fast Fourier transformation (hydrocyclone number 1, time step 
0.001ݏ) 
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After applying fast Fourier transformation (from 8588 values) the steady value of 
static pressure 649930,06ܲܽ at 0ܪݖ (it is not shown in graph 3), the biggest 
magnitude is 0,46ܲܽ at 13ܪݖ. The change in pressure is almost negligible, and 
it seems as the process would be steady. It was computed with Bounded 
Second Order Implicit scheme, and the results are valid for the incremental time 
step of 0,001ݏ. 
 
 
 
6.2.2 Computation with time step0.0001s 
Hydrocyclone number 1 
Calculation carried out with the scheme Second Order Implicit (transient 
formulation) was impossible, because solution blew up. So another ways had to 
be found, an alternative solution was the Bounded Second Order Implicit 
scheme with an incremental time step of 0,0001 ݏ݁ܿ݋݊݀ݏ. The bounded 
schemes are recommended to use with LES or with compressible multiphase 
flows, comparing to the Second Order Implicit formulation it brings the  same 
accuracy with a better stability [23]. 
 
 
Graph 4: Static pressure of vertex average (hydrocyclone number 1 ,time 
step 0.0001ݏ) 
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Graph 5: Fast Fourier transformation (hydrocyclone number 1, time step 
0.0001ݏ) 
 
From the recorded videos not only the pulsating intake of air, but also the 
rotating air core can be perceived. These two phenomena are connected, from 
FFT and with the aid of the videos their frequency can be determined. Both 
dynamical high-frequency phenoma belong to the second highest peak on the 
graph 5, the magnitude of pressure is ݌ ൌ 903,14 ܲܽ at the monitored vertex 
and the frequency is ݂ ൌ 241,76ܪݖ.  
The highest peak is presented by the values of magnitude ݌ ൌ 1303,0558 ܲܽ 
and frequency ݂ ൌ 25,641 ܪݖ, nonethless its physical meaning remains unclear 
(one assumption is, that it could be axial pulsations). 
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Figure 17: Contours of static pressure (intersection ݔ ൌ 0, ݖ ൌ 0.26݉) 
 
In figure 17 static pressure is displayed in two intersections. On the right hand 
side the distribution shows beautiful concentric circles, that explains the use of 
equation (34) (where the pressure varies only with radial coordinates). The 
static pressure can be displayed on a line (intersection ݖ ൌ 0.26݉). 
 
 
Graph 6: Distribution of static pressure (on a line, intersection ݖ ൌ 0.26݉) 
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Figure 18: Contours of air volume fraction (intersection ݔ ൌ 0, ݖ ൌ 0.26݉) 
 
In figure 18 the air core is shown in two intersections (the modified HRIC 
scheme was used in VOF model). The red color represents the place where 
only air is present, the blue represents only water. On the right side the quality 
of transition from air to water is quite bad, contours are smeared that is caused 
by the mesh quality.  
Another important remark is the air cores elliptical shape. 
 
 
 
Figure 19: Mesh quality + contours of volume fraction (on boundary overflow) 
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In figure 19 the contours of air volume fraction are plotted on the overflow 
supplemented with the mesh. The effect of the elements on contours is 
remarkable. The mesh type and element shape is imprinted on the flow field.  
 
 
Figure 20: Contours of axial velocity (intersection ݔ ൌ 0, ݖ ൌ 0.26݉) 
 
The contours of axial velocity above, where negative and positive values denote 
that the fluid flows in the direction of the spigot or of the vortex finder, 
respectively. To understand the flow behaviour, the axial velocity profile is 
shown in the next graph, and is evaluated on a line of intersection shown in 
figures ሺݖ ൌ 0,26݉ሻ. Position 0 is the axis of the hydrocyclone. The axial 
velocity plays a significant role in the air core motion, there is the intake of air is 
pulsating. 
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Graph 7: Distribution of axial velocity (on a line, intersection ݖ ൌ 0.26݉) 
 
The value of axial velocity on the wall of hydrocyclone is 0௠௦ . Attentive readers 
can remark that between positions ሺെ0.03;െ0.02ሻ and ሺ0.02; 0.03ሻ the direction 
of flow of the water changes from negative to positive or vice versa.  
Another point is that air is sucked into the hydrocyclone through the vortex 
finder as it is shown in figure 20 and in graph 7 approximately between the 
positions ሺ0.01; 0.01ሻ. It is a fairly interesting phenomenon as water leaves the 
separator air enters in. The different flow directions and relatively high velocities 
(and their change) will result in high velocity gradients.  
It is good to know that vorticity is the function of velocity gradients, therefore the 
plotted vorticity: 
 
 
Figure 21: Contours of vorticity magnitude (intersection ݖ ൌ 0.26݉) 
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Figure 22: Contours of circumferential (tangential) velocity (intersection 
ݖ ൌ 0.26݉) 
 
Circumferential (tangential) velocity is plotted in figure 22, and the velocity 
distribution is displayed on the same line as for axial velocity. 
 
 
Graph 8: Distribution of tangential velocity (on a line, intersection ݖ ൌ 0.26݉) 
 
This graph shows the distribution of tangential velocities depending on the 
position. The velocity profile resembles the picture 11.  
The simulations are confined to high Reynolds number.  
The quality of the mesh is connected with its size and the Reynolds number due 
to description of smaller eddies. The indicator of the mesh quality along the 
walls called ݓ݈݈ܽ ݕା. Its value should lie in the interval (20;120) for non-
equilibrium wall functions. The reason of the high ݓ݈݈ܽ ݕା is the coarse mesh on 
the wall and big gradients of velocity. 
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Figure 23: Wall y+, hydrocyclone number 1 
 
 
 
Trajectories of solid particles 
 
The trajectory tracking of solid particles is possible in FLUENT with the discrete 
phase model. The model assumes the Lagrangian conception of continuum, it 
means the software integrates path of the particle throughout the flow domain 
[24]. 
The calculation of a particle track can be very time consuming. The use of DPM 
model makes sense only when the suspension is dilute (discrete phase max 
10% mass fraction of solid phase). 
 
The adjustment of the discrete phase model:  
 assuming one-way coupling (only the fluid phase has influence on the 
solid phase, to fulfil this condition the particle must be small) 
 injecting inert spherical aluminium particles ቀߩ஺௟ ൌ 2719 ௞௚௠యቁ with a 
diameter of 1ߤ݉ 
 single injection type was chosen, 5 injections were set up on the 
boundary velocity inlet to cover the whole surface (figure 24) 
 the initial velocity and direction for the particle was supposed identical as 
the velocity of the fluid (that is some kind of simplification) 
 
 
 
 
 
 
 
Master thesis  VUT-EU-ODDI-13303-04-13  
Attila Hideghéty  
 
63 
 
 
 
 
 
      b 
 
 
 
 
      a 
 
Adjusted single injections on the boundary velocity inlet: 
 
Black - injection-0 
Blue - injection-1 
Green - injection-2 
Red - injection-3 
Orange - injection-4 
Figure 24: Single injection on the boundary (velocity inlet), hydrocyclone 
number 1 
 
 
 
 
Figure 25: Trajectory of the particle (released from injection-0, without 
stochastic model), hydrocyclone number 1 
 
On the right hand side of the picture the injection-0 is shown with its residence 
time in the separating device, in addition the particle escapes through the 
underflow after 0.151seconds. The calculation was carried out for spherically 
particles and diameter was 10ି଺ ݉.  
According to the simulation (righthand side of figure 25) the velocity magnitude 
of the particle in the inlet nozzle is almost invariable, whereas close to the 
vortex finder rapidly rises, furthermore it decreases significantly in the cylindrical 
section. After reaching the cone section the particle starts to accelerate and 
about at 80% of the hydrocyclone length it decelerates till it leaves the flow 
domain.  
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Figure 26: Trajectory of 5 particles (released from every injection, without 
stochastic model), hydrocyclone number 1 
 
In illustration above the tracks of the particle are quite analogous, all particles 
fall out from the spigot. 
  
As mentioned in chapter 5.3 RSM model supplements the time-averaged 
Navier-Stokes equation (RANS), however it is a crucial problem, in view of the 
fact that the fluctuations and turbulence behaviour can not be captured with this 
attitude (the inherent fluctuating behavior of turbulence id time averaged in this 
approach).   
A worthwile study was carried out and interpreted in an earlier article by Chih-
Yuan Hsu, Syuan-Jhih Wu and Rome-Ming Wu from Tamkang University 
(Taiwan):  
"The dispersion of particles due to turbulence can be predicted using the 
stochastic tracking model, which includes the effect of instantaneous turbulent 
velocity fluctuations on the particle trajectory. FLUENT predicts the trajectory of 
a discrete phase particle by integrating the force balance on the particle." [16]  
After this knowledge the stochastic tracking (implemented in DPM) was set up, 
which takes into account the turbulent dispersion and calculates it. 
The same simulation was carried out with just one difference, the stochastic 
tracking was enabled. 
 
The following trajectories: 
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Figure 27: Trajectory of particle coloured by residence time and velocity 
magnitude (released from injection-0, with stochastic model), hydrocyclone 
number 1 
 
 
Figure 28: Trajectory of particle coloured by residence time and velocity 
magnitude (released from injection-1, with stochastic model), hydrocyclone 
number 1 
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Figure 29: Trajectory of particle coloured by residence time and velocity 
magnitude (released from injection-2, with stochastic model), hydrocyclone 
number 1 
 
 
Figure 30: Trajectory of particle coloured by residence time and velocity 
magnitude (released from injection-3, with stochastic model), hydrocyclone 
number 1 
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Figure 31: Trajectory of particle coloured by residence time and velocity 
magnitude (released from injection-4, with stochastic model), hydrocyclone 
number 1 
 
In the previous five images the tracks of particles colored by velocity magnitude 
or by residence time are shown separately. After enabling the stochastic 
tracking the particle trajectories have become very chaotic, only one particle 
from five has left the flow domain through the spigot. From the right handed 
illustrations interesting fact is, that velocity magnitude varies substantially. The 
essential conclusion of this section is the relevancy of the turbulence impact. 
The figures above highlight the influence of  turbulence, it causes local 
accelerating and decelarating of the particles along their trajectories.  
 Particle residence time ݐ௥௘௦ ሾݏሿ 
Exit of particles 
through 
Particle injected from injection-0 0.250 overflow 
Particle injected from injection-1 0.378 overflow 
Particle injected from injection-2 0.457 overflow 
Particle injected from injection-3 0.134 underflow 
Particle injected from injection-4 0.076 overflow 
Chart 2: Residence time of particles and their fate, hydrocyclone number 1 
 
 
The pressure drop 
Can be determined from equation (54) and (57). The informations about the 
flow are obtained from the solver (mass weighted average values on given 
boundaries). Despite this, total pressure of air is included on boundaries (over- 
and underflow), the influence of air can be neglected, due to its density which is  
thousand times smaller than that of the water.   
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ሶ݉ ଵ ൌ 5.9896412 ௞௚௦ ;  ሶ݉ ௣ ൌ 5.8745863
௞௚
௦ ;  ሶ݉ ௞ ൌ 0.043553838
௞௚
௦   
 
݌௧௢௧ଵ ൌ 999670 ܲܽ; ݌௧௢௧௣ ൌ 382100.13 ܲܽ; ݌௧௢௧௞ ൌ 3715.5933 ܲܽ 
 
 
From equation (57): 
 
݌ௗ௥௢௣ ൌ ሶ݉ ଵ ݌௧௢௧ଵ െ ሶ݉ ௣ ݌௧௢௧௣ െ ሶ݉ ௞ ݌௧௢௧௞ሶ݉ ଵ ൌ 624882.6058 ܲܽ 
 
 
From equation (54): 
݌ௗ௥௢௣ ൌ 617569.87 ܲܽ 
 
 
The net flows through boundaries should be observed to check if the mass flow 
balance is achieved. The difference of mass flow rates, which indicates the 
convergence of the simulation: 
∆ ሶ݉ ൌ ሶ݉ ଵ െ ሶ݉ ௣ െ ሶ݉ ௞ ൌ 0.071501062݇݃ݏ          
∆ ሶ݉
ሶ݉ ଵ ൌ 1.194% 
 
This inaccuracy originates from the bad quality mesh (figure 19). 
 
Efficiency and total separability 
The efficiency and total separability of hydrocyclone number 1, for particles 
sized 1ߤ݉ can be evaluated from the 5 injected particles, however the 
disadvantage is the small amount of particles. From equation (48) and (49). 
߮ ൌ 15 ൌ 0.2 
 
ߟ௛ ൌ ߮ ሶ݉ ௟௣ሶ݉ ௟ଵ ൌ 0.1962 
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Variant a 
Mesh 
The first variation of hydrocyclone number 1 differs from original in diameter of 
the spigot (15݉݉ was decreased to 10݉݉). In addition the mesh was 
reconstructed to better capture boundary layer, because near wall region has 
large impact on boundary layer development and turbulence production. The 
number of elements was decreased, the total number of hex elements is 
283440, which is about 70000 less, and the worst elements skewness was 
0.8264. 
Not all the pictures will be repated again. The aim is to point out the differences.   
 
 
 
Figure 32: Computational mesh and the model of variant a 
 
 
Figure 33: Air volume fraction and wall y+ (variant a) 
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The picture above clearly shows that the spigot is fully blocked by the air, 
consequently water will leave the hydrocyclone through the vortex finder. For 
further application this variation is useless, because of the impossibility of 
separating particles. From the illustration displayed on the right, relatively high 
value of wall y+  is present on the wall of the inlet nozzle (due to high velocity 
and a relatively coarse mesh). The highest value is on the entry to the vortex 
finder. 
 
Figure 34: Air volume fraction is displayed on the boundary overflow (with the 
mesh) and on the intersection ݖ ൌ 0.26݉  (variant a) 
 
It is an important observation, that the air core has a circular air core, whereas 
the previous design had an elliptical shape. 
The pictures of axial and circumferential velocity and static pressure will be not 
displayed due to similarity with previous designs (see hydrocyclone number 1). 
 
The pressure drop 
Informations about the flow: 
 
ሶ݉ ଵ ൌ 5,9896412݇݃ݏ ;  ሶ݉ ௣ ൌ 5,9840955
݇݃
ݏ ;  ሶ݉ ௞ ൌ 0
݇݃
ݏ  
 
݌௧௢௧ଵ ൌ 961095,69 ܲܽ; ݌௧௢௧௣ ൌ 443341,34 ܲܽ; ݌௧௢௧௞ ൌ െ0,2870343 ܲܽ 
 
From both equations (57) and (54): 
݌ௗ௥௢௣ ൌ ݌௧௢௧ଵ െ ݌௧௢௧௣ ൌ 517754,35 ܲܽ 
 
The difference of mass flow rates ∆ ሶ݉ ൌ ሶ݉ ଵ െ ሶ݉ ௣ െ ሶ݉ ௞ ൌ 0,0055457 ௞௚௦        
 ∆ ሶ݉ሶ݉ ଵ ൌ 0.1% 
 
 
Master thesis  VUT-EU-ODDI-13303-04-13  
Attila Hideghéty  
 
71 
 
Variant b 
Mesh 
The number of elements, the scheme of the mesh 
(see figure 32) is the same, the only change is in 
diameter of spigot (15݉݉ was decreased to 
20݉݉).  
 
Figure 35: Model of variant b 
 
The static pressure was monitored at a point (between the axis and the wall of 
hydrocyclone), both schemes were used to highlight the differences between 
them. Both schemes Bounded Second Order Implicit, and Second Order Implicit 
were used. 
 
Bounded Second Order: 
 
Graph 9: Static pressure of vertex average (variant b, time step 0.0001ݏ), 
Bounded Second Order Implicit scheme 
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Second order: 
 
Graph 10: Static pressure of vertex average (variant b, time step 0.0001ݏ), 
Second Order Implicit scheme 
 
From these two graphs the statement can declared, that both transient schemes 
produce similar results. Furthermore the dynamical effects can be neglected, 
because the change in static pressure is only േ10 ܲܽ, probably it is just a 
numerical noise, therefore the flow will be presumed as steady.    
 
DPM 
The tracking of particles was carried out for the same parameters and boundary 
conditions, as in previous calculation. 
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Figure 36: Trajectory of particle coloured by residence time (released from 
injection-0-1-2, with stochastic model), variant b 
 
 
Figure 37: Trajectory of particle coloured by residence time (released from 
injection-3-4, with stochastic model), variant b 
 
Master thesis  VUT-EU-ODDI-13303-04-13  
Attila Hideghéty  
 
74 
 
 Particle residence 
time ݐ௥௘௦ ሾݏሿ 
Exit of 
particles 
Particle injected from injection-0 0.428 underflow 
Particle injected from injection-1 0.123 overflow 
Particle injected from injection-2 0.237 overflow 
Particle injected from injection-3 0.137 overflow 
Particle injected from injection-4 0.584 overflow 
Chart 3: Residence time of particles and their exit, variant b 
 
The pictures of axial and circumferential velocity and static pressure will not be 
displayed due to the "identity" of contour layouts (see hydrocyclone number 1). 
The contour of phases is identical as in figure 34 (same mesh, same 
characteristics).  
 
The pressure drop 
Informations about the flow: 
 
ሶ݉ ଵ ൌ 5,9896412݇݃ݏ ;  ሶ݉ ௣ ൌ 5,9139766
݇݃
ݏ ;  ሶ݉ ௞ ൌ 0,075740102
݇݃
ݏ  
 
݌௧௢௧ଵ ൌ 939465,63 ܲܽ; ݌௧௢௧௣ ൌ 425196,28 ܲܽ; ݌௧௢௧௞ ൌ 24963,705 ܲܽ 
 
From equation (57): 
 
݌ௗ௥௢௣ ൌ ሶ݉ ଵ ݌௧௢௧ଵ െ ሶ݉ ௣ ݌௧௢௧௣ െ ሶ݉ ௞ ݌௧௢௧௞ሶ݉ ଵ ൌ 519325,0039 ܲܽ 
 
From equation (54): 
݌ௗ௥௢௣ ൌ ݌௧௢௧ଵ െ ݌௧௢௧௣ ൌ 514269,35 ܲܽ 
 
The difference of mass flow rates ∆ ሶ݉ ൌ ሶ݉ ଵ െ ሶ݉ ௣ െ ሶ݉ ௞ ൌ െ0,000075502 ௞௚௦  ∆ ሶ݉
ሶ݉ ଵ ൌ 0.00126% 
 
Efficiency and total separability 
The efficiency and total separability of hydrocyclone number 1, for particles 
sized 1ߤ݉ can be evaluated from the 5 injected particles, however the 
disadvantage is the small amount of particles. From equation (48) and (49). 
߮ ൌ 15 ൌ 0,2 
 
ߟ௛ ൌ ߮ ሶ݉ ௟௣ሶ݉ ௟ଵ ൌ 0,1975 
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Variant c 
Mesh 
 
The variant c differs from the original and the 
other two variations in the diameter of the spigot 
(15݉݉ was increased to 25݉݉) and the size of 
the mesh. The number of hex elements is 
314560. The measured maximum value of 
skewness is 0.8264. The top view from the 
mesh can be seen in figure (32). 
 
Figure 38: Model of variant c 
 
 
 
Graph 11: Static pressure of vertex average (variant c, time step 0.0001ݏ) 
 
 
The graph displays the static pressure monitored at a point. The pressure varies 
from 504900 Pa to 505600 Pa, however the change is not essential. From FFT 
is possible to obtain the frequency of the given phenomenon (frequency of the 
rotating air core). The value of the frequency was confirmed from the video 
recorded in FLUENT. The frequency of the highest peak is ݂ ൌ 219,78 ܪݖ, 
which is quite close to the rotation of air core in the first design. In addition the 
shape of the air core was elliptical (the same situation as in the original design). 
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Graph 12: Fast Fourier transformation (variant c, time step 0.0001ݏ) 
 
 
Figure 39: Trajectory of particle coloured by residence time (released from 
injection-0-1-2, with stochastic model), variant c 
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Figure 40: Trajectory of particle coloured by residence time (released from 
injection-3-4, with stochastic model), variant c 
 
 Particle residence 
time ݐ௥௘௦ ሾݏሿ 
Exit of particles 
Particle injected from injection-0 0.161 overflow 
Particle injected from injection-1 0.264 underflow 
Particle injected from injection-2 0.111 underflow 
Particle injected from injection-3 0.280 overflow 
Particle injected from injection-4 0.134 overflow 
Chart 4: Residence time of particles and their exit, variant c 
 
The pressure drop 
Informations about the flow: 
 
ሶ݉ ଵ ൌ 5.9896412݇݃ݏ ;  ሶ݉ ௣ ൌ 5.711115
݇݃
ݏ ;  ሶ݉ ௞ ൌ 0.28977486
݇݃
ݏ  
 
݌௧௢௧ଵ ൌ 921663.5 ܲܽ; ݌௧௢௧௣ ൌ 409878.78 ܲܽ; ݌௧௢௧௞ ൌ 96817.469 ܲܽ 
 
From equation (57): 
݌ௗ௥௢௣ ൌ ሶ݉ ଵ ݌௧௢௧ଵ െ ሶ݉ ௣ ݌௧௢௧௣ െ ሶ݉ ௞ ݌௧௢௧௞ሶ݉ ଵ ൌ 526160.658 ܲܽ 
 
From equation (54): 
݌ௗ௥௢௣ ൌ ݌௧௢௧ଵ െ ݌௧௢௧௣ ൌ 511784.72 ܲܽ 
 
The difference of mass flow rates ∆ ሶ݉ ൌ ሶ݉ ଵ െ ሶ݉ ௣ െ ሶ݉ ௞ ൌ െ0,000075502 ௞௚௦  ∆ ሶ݉
ሶ݉ ଵ ൌ 0.00126% 
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The efficiency and total separability is evaluated from equations (48) and (49): 
 
߮ ൌ ଶହ ൌ 0,4;                                  ߟ௛ ൌ ߮
௠ሶ ೗೛
௠ሶ ೗భ ൌ 0,3814 
 
Summary of the 4 hydrocyclones 
variant a hydrocyclone number 1 variant b variant c 
    
Figure 41: Model of the original design 1 and its variants 
 
 
݀௞
݀௣ ݌ௗ௥௢௣ ሾܲܽሿ 
ሶ݉ ௞
ሶ݉ ଵ 
Original 
number 1 
0.015
0.04 ൌ 0.375 642882.6058 0.007272 
Variant a 0.010.04 ൌ 0.25 517754.35 0 
Variant b 0.020.04 ൌ 0.5 519325.0039 0.012645 
Variant c 0.0250.04 ൌ 0.625 526160.658 0.048379 
Chart 5: Summary of hydrocyclones 
 
The pressure drop by the original design is extremely high compared to the 
other variants, which is caused by the bad quality of the mesh, therefore in the 
next graph is not included. Quadratic approximation provides inaccurate results, 
therefore linear approximation is used. 
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Graph 13: Dependence of the pressure drop on the ratio of spigot and vortex 
finder diameter 
 
On the other hand plotting the graph of dependency of the mass flow rates does 
not include the variant a, because of the blocked underflow due to the air. 
 
Graph 14: Dependence of underflow and inlet ratio on dk/dp 
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Hydrocyclone number 2 
 
For this design the total number of elements is 317045, the worst elements 
skewness has the value of 0.766383, in addition a picture of the mesh and a 
cross section of the model is shown below. Length of the vortex finder is 
0.0463݉. 
 
 
Figure 42: Computational mesh and the model of hydrocyclone number 2 
 
 
Dynamical characteristics 
 
 
Graph 15: Static pressure monitored at a point 
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In the graph above the static pressure is monitored at a point, and it can be 
noticed as the pressure converges to an almost constant value. From this graph 
it can assumed the fact, that the flow characteristics are not changing in time 
(steady flow). The lenght of the  
It is also remarkable, that this process needs about three seconds, what is a 
relevant drawback. The whole problem is computed with the time step 0.0001s. 
To achieve the value of three seconds 30000 time steps are needed, in addition 
the calculation of one time step took approximately 40 seconds (calculation 
carried out on Intel i7, 4 cores). The overall calculation of three seconds lasted 
13.88 days. These calculations are highly time-consuming. 
 
PARTICLE TRACKS: 
 
Figure 43: Particle trajectories colored by the residence time (injection-0 and 
injection-1) 
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Figure 44: Particle trajectories colored by the residence time (injection-2 and 
injection-3) 
 
 
 
Figure 45: Particle tracks coloured by residence time (injection-4) 
 
Master thesis  VUT-EU-ODDI-13303-04-13  
Attila Hideghéty  
 
83 
 
From the previous graphs is shown, that all the particles leave the flow domain 
through the spigot. 
 
 
The pressure drop 
Informations about the flow: 
 
ሶ݉ ଵ ൌ 5.9890281݇݃ݏ ;  ሶ݉ ௣ ൌ 4.9893477
݇݃
ݏ ;  ሶ݉ ௞ ൌ 0.99930278
݇݃
ݏ  
 
݌௧௢௧ଵ ൌ 612846.63 ܲܽ; ݌௧௢௧௣ ൌ 283810.06 ܲܽ; ݌௧௢௧௞ ൌ 271589.44 ܲܽ 
 
From equation (57): 
 
݌ௗ௥௢௣ ൌ ሶ݉ ଵ ݌௧௢௧ଵ െ ሶ݉ ௣ ݌௧௢௧௣ െ ሶ݉ ௞ ݌௧௢௧௞ሶ݉ ଵ ൌ 331093.5435 ܲܽ 
 
From equation (54): 
݌ௗ௥௢௣ ൌ ݌௧௢௧ଵ െ ݌௧௢௧௣ ൌ 329005.57 ܲܽ 
 
The difference of mass flow rates ∆ ሶ݉ ൌ ሶ݉ ଵ െ ሶ݉ ௣ െ ሶ݉ ௞ ൌ 0.00037762 ௞௚௦  ∆ ሶ݉
ሶ݉ ଵ ൌ 0.0063% 
 
The efficiency and total separability is evaluated from equations (48) and (49): 
 
߮ ൌ 55 ൌ 1 
 
ߟ௛ ൌ ߮ ሶ݉ ௟௣ሶ݉ ௟ଵ ൌ 0.833 
 
This design has got a remarkable efficiency. 
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Variant d 
 
The variant d is derived from the design of hydrocyclone number 2. However in 
this case the effect of the vortex finder length on pressure drop will be 
investigated. In this situation the length is 0,07m (for the original design see 
section 4.4.2).  
The size of the computational mesh is the same as in the previous model. 
 
 
Figure 46: Model variant d 
 
The flow character of this changed shape resembles the initial designs 
(hydrocyclone number), so it will not be displayed. 
 
Informations about the flow: 
 
ሶ݉ ଵ ൌ 5.9890281݇݃ݏ ;  ሶ݉ ௣ ൌ 4,99343
݇݃
ݏ ;  ሶ݉ ௞ ൌ 1.0067258
݇݃
ݏ  
 
݌௧௢௧ଵ ൌ  643855.75 ܲܽ; ݌௧௢௧௣ ൌ 285390.38 ܲܽ; ݌௧௢௧௞ ൌ 291676.69ܲܽ 
 
From equation (57): 
 
݌ௗ௥௢௣ ൌ ሶ݉ ଵ ݌௧௢௧ଵ െ ሶ݉ ௣ ݌௧௢௧௣ െ ሶ݉ ௞ ݌௧௢௧௞ሶ݉ ଵ ൌ 356878.4132 ܲܽ 
 
From equation (54): 
݌ௗ௥௢௣ ൌ ݌௧௢௧ଵ െ ݌௧௢௧௣ ൌ 358465.37 ܲܽ 
 
The difference of mass flow rates ∆ ሶ݉ ൌ ሶ݉ ଵ െ ሶ݉ ௣ െ ሶ݉ ௞ ൌ െ0,0111277 ௞௚௦  
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∆ ሶ݉
ሶ݉ ଵ ൌ 1.11277% 
 
The DPM could not be carried out, due to the bug in FLUENT, therefore the 
calculation of efficiency is unable.  
 
Variant e 
This variant has got the longest vortex finder, the length is 0,09m. The size of 
the mesh is the same as in the previous modification.  
 
Figure 47: Intersection of variant e 
 
Pressure drop 
Informations about the flow: 
 
ሶ݉ ଵ ൌ 5,9890281  ݇݃ݏ ;  ሶ݉ ௣ ൌ 5.0629332
݇݃
ݏ ;  ሶ݉ ௞ ൌ 0.8902503
݇݃
ݏ  
 
݌௧௢௧ଵ ൌ 705017,94 ܲܽ; ݌௧௢௧௣ ൌ 349877.13 ܲܽ; ݌௧௢௧௞ ൌ 341394,63 ܲܽ 
 
 
From equation (57): 
 
݌ௗ௥௢௣ ൌ ሶ݉ ଵ ݌௧௢௧ଵ െ ሶ݉ ௣ ݌௧௢௧௣ െ ሶ݉ ௞ ݌௧௢௧௞ሶ݉ ଵ ൌ 358495,5834 ܲܽ 
 
From equation (54): 
݌ௗ௥௢௣ ൌ ݌௧௢௧ଵ െ ݌௧௢௧௣ ൌ 355140.81 ܲܽ 
 
The difference of mass flow rates ∆ ሶ݉ ൌ ሶ݉ ଵ െ ሶ݉ ௣ െ ሶ݉ ௞ ൌ 0.0358 ௞௚௦  
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∆ ሶ݉
ሶ݉ ଵ ൌ 0.598% 
 
 
The DPM could not be carried out, due to the bug in FLUENT, therefore the 
calculation of efficiency was unable.  
 
 
Summmary of the 3 designs 
 
hydrocyclone number 2 variant d variant e 
 
 
Ratio of the 
vortex finder length ݌ௗ௥௢௣ ሾܲܽሿ 
Hydrocyclone 
number 2 
0.0463
0.0463 ൌ 1 331093,5435 
Variant d 0.070.0463݉ ൌ 1.512 356878.4132 
Variant e 
0.09
0.0463 ൌ 1.944 
 
358495,5834 
Chart 6: Summary of hydrocyclones 
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Graph16: Dependence of pressure drop on the ration of vortex finder length 
 
The previous graph shows the longer the vortex finder is, the bigger is the 
pressure drop of the device. 
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7. Conclusion 
This master thesis deals with the investigation of flow in a hydrocyclone, where  
difficulty of physics is present. The difficulty lies in solving a problem of the 
interaction of phases: water, air and dispersed solid particles. For this system 
the conception of Euler-Euler-Lagrange is used, where the first two fluids are 
treated as continuum. The practical application of such a hydrocyclone is mainly 
in separating materials. The first advantage of this device lies in the simplicity of 
its design, and secondly in the absence of moving parts. Due to the design, the 
suspension flows tangentially in, thus high swirling flow is gained. The mass of 
the water is squeezed to the walls, because of the big centrifugal force, in 
addition respecting the equation (34) static pressure decreases significantly 
along the axis of the hydrocyclone, and air is sucked in through the boundaries 
of under- and overflow (see figure 8 and 9), additionally air core is formed. 
In chapter 3 the forces acting on the particle are deeply analyzed. Due to the 
absence of analytical solution of Navier-Stokes equation the tensors from fluid 
acting on the particle has to be substituted with forces and solved with the aid of 
numerical mathematics. Crucial problem is the calculation of the centrifugal 
force acting on the particle, because the trajectory and velocity is not known 
apriori (the radius and velocity distribution), therefore the simplification is 
applied to determine the equation for centrifugal force. This simplification 
presumes circular trajectory of the particle. The particle motion is assumed 
along the wall, hence the trajectory is quasi-known [11]. 
In chapter 4 a theoretical investigation is carried out of the flow in such a 
separator, however the disadvantage of these equations are that they have to 
be supplemented with empirical constants. From equations (39), (40), (41), (42), 
(43), (44), (45), (46) and some supplementing expressions from practice (64), 
(65) two designs were created. Where the first was called hydrocyclone number 
1, and the second hydrocyclone number 2. Firstly the difference between them 
is in the design and secondly in respecting the approximation equations. 
Hydrocyclone number 2 respects all the restrictions, whereas hydrocyclone 
number 1 does not. In addition from the mathematical model presented in 
section 4.3.7 for both hydrocyclones the distribution of fractional separability 
was evaluated (see graph 1), the graph shows that for particles smaller than ܦହ଴ 
a better separability can offer the hydrocyclone number 1, however for particles 
bigger than ܦହ଴ the better variant is hydrocyclone number 2. 
In chapter 5 are presented the governing equations implemented in FLUENT, a 
quick description can be found about the employed turbulent ݇ െ ߳ and 
Reynolds stress models. For modelling the two phase flow was used the 
volume of fluid model. 
In the beginning of the calculation every hydrocyclone was initialized with ݇ െ ߳ 
model, then RSM, additionally VOF was adjusted. The papers show, that RSM 
shows quite good results on coarse meshes [24], [15]. In some situations the 
DPM was enabled too. Bounded Second Order Implicit scheme was set up, 
because the Second Order Implicit scheme has failed in some calculations. 
Challenging area was the determination of the appropriate time step. In the 
beginning it was computed with time step 0.001s, but it was shown that the 
results with this time step are unsatisfactory, then it was decreased to 0.0001, 
which showed better results.   
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From the original design three more modifications were created. The change 
was in the diameter of spigot and mesh quality. Variant a with spigot diameter 
0.01m, variant b with spigot diameter 0.02m and variant c 0.025m. The 
reasoning was to establish the influence of the ratio of spigot and vortex finder 
diameter on pressure drop and the separability. It was shown that hydrocyclone 
number 1 has got significantly higher pressure drop then the three other 
variants, therefore it has been left out from the assessment (graph 13). This fact 
is caused by the quality of the mesh (figure 19).  
The dynamical behaviour of the hydrocyclone was captured by monitoring static 
pressure at a point. Later fast Fourier transformation was applied to obtain the 
frequency of the phenomena. By the hydrocyclone number 1 from pictures and 
videos was figured out, that the air core, which has got an elliptical shape is 
rotating, and its frequency was specified, the value is ݂ ൌ 241.76ܪݖ. By the 
variant a and b pressure monitoring showed that it is almost a steady flow and 
no dynamical effects are present. In addition variant b was computed with both 
transient formulation schemes. The two graphs 9 and 10  are almost the same. 
However by the variant c the dynamical effects showed up. The same time 
steps were used out as in calculation of the hydrocyclone number 1, and the 
value of the frequency (݂ ൌ 219ܪݖ) was determined.  
The distribution of static pressure is displayed in graph 6, furthermore it can be 
noticed that static pressure depends on the variable r, the contours shown in 
the figure are concentric circles, which conforms the theoretical findings. The 
distributions of static pressure, axial, radial and tangential velocity from 
simulations correspond with the distributions in the figure 12 and with results 
from other papers [14]. 
From graphs 13 and 14 it can be reported, that with increasing ratio of spigot 
and vortex finder diameter not only the pressure drops, but also the ratio of 
under- and inlet mass flow increases.  
Modeling of the solid particle trajectories was realized with Euler-Lagrangian 
conception. The advantage of this method is that (DPM) identity is assigned to 
every single particle, therefore the trajectories can be determined. However for 
defining the separability and efficiency of the hydrocyclone it is not convenient,  
since large number of particles is necessary to obtain reliable values of these 
quantities. Simulations confirmed substantial effect of turbulent dispersion on 
particles depending mainly on the size of the particle. The smaller the particle 
is, the more the turbulent fluctuations influence its track (chaos theory). 
The use of DPM was carried out for hydrocyclone number 1, variant b, variant c 
and for hydrocyclone number 2.  
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The hydrocyclone with the best parameters will be manufactured and 
used in the laboratories of Victor Kaplan Department of Fluid Engineering. 
The most promising design is the variant c and hydrocyclone number 2.  
Important parameters (pressure drop, efficiency, mass flow through spigot):  
1. variant c: ߟ௛ ൌ 38.14%, ݌ௗ௥௢௣ ൌ 526160.658 ܲܽ, ሶ݉ ௞ ൌ 0.28977486 ௞௚௦  
2. hydrocyclone number 2: ߟ௛ ൌ 83.3%,  ݌ௗ௥௢௣ ൌ 331093,5435 ܲܽ, ሶ݉ ௞ ൌ
0,99930278 ௞௚௦  
The advantage of variant c is the less mass flow rate through the spigot. Its 
design is smaller too, and the particles residence time is also shorter. However 
the hydrocyclone number 2 has got a smaller pressure drop and higher 
efficiency. The author would prefer hydrocyclone number 2. 
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